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FORWORD 

T h i s  i s  a r e p o r t  of  a s t u d y  of components which may be 
used  i n  a non-magnet ic  c o n v e r t e r . *  A new o s c i l l a t o r  d e s i g n  
w i t h  an 80 p e r c e n t  e f f i c i e n c y  i s  d e s c r i b e d .  The a n a l y s i s  
and t e s t i n g  of a model f o r  a d i s t r i b u t e d  wind ing ,  t o r o i d a l ,  
a i r - c o r e  t r a n s f o r m e r  i n d i c a t e s  a r e a s o n a b l e  check i n  c a l c u l a t e d  
and e x p e r i m e n t a l  r e s u l t s  o v e r  a f r e q u e n c y  r a n g e  from 10 t o  100 
k i l o c y c l e s .  The s t r a y  m a g n e t i c  f i e l d  of t h e  t r a n s f o r m e r  n e a r  
r e s o n a n c e  i s  a p p r o x i m a t e l y  t e n  times t h e  s t r a y  m a g n e t i c  f i e l d  
a t  o f f  - r e s o n a n c e  f r e q u e n c i e s .  R e s u l t s  a l s o  show t h a t  t h e  
c h a r a c t e r i s t i c s  of t h e  t r a n s f o r m e r  are marked ly  s e n s i t i v e  t o  
l o a d .  

A number of  a p p e n d i c e s  are i n c l u d e d  w i t h  t h e  r e p o r t  
g i v i n g  t h e  d e t a i l e d  development  of t h e  a n a l y t i c a l  model u s e d  
t o  p r e d i c t  t h e  c h a r a c t e r i s t i c s  of t h e  t o r o i d a l ,  a i r - c o r e  t r a n s -  
former .  R e s u l t s  from t h e  a n a l y t i c a l  model were o b t a i n e d  f r o n  
c o m p u t a t i o n s  u s i n g  t h e  f a c i l i t i e s  o f  t h e  Duke U n i v e r s i t y  D i g i t a l  
Computer Labora to ry .  

*Non-magnetic means n o  f e r r o m a g n e t i c  mater ia ls  are u s e d  and 
t h e  c o n v e r t e r  c o n f i g u r a t i o n s  a r e  d e s i g n e d  t o  minimize  mag- 
n e t i c  i n t e r f e r e n c e  e x t e r n a l  t o  t h e  c o n v e r t e r .  
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RESEARCH ON NON-MAGNETIC POWER SlJPPLIES 

By John L. A r t l e y  and James E .  Hal l ,  Jr. 

Sl1MMARY 

T h i s  i s  a r e p o r t  d e s c r i b i n g  work accompl ished  i n  t h e  
s t u d y  o f  components f o r  u s e  i n  a non-magnet ic  c o n v e r t e r , *  
A new o s c i l l a t o r  u t i l i z i n g  4 t r a n s i s t o r s  i n  a b r i d g e  a r r a n g e -  
ment i s  r e p o r t e d  t o  have  a maximum e f f i c i e n c y  n e a r  80 p e r c e n t  
when o p e r a t i n g  o v e r  a r a n g e  o f  f r e q u e n c i e s  from 7 t o  30 k i l o -  
c y c l e s .  The a n a l y s i s  and e x p e r i m e n t a l  t e s t i n g  of  t o r o i d a l ,  
d i s t r i b u t e d  wind ing ,  a i r  c o r e  t r a n s f o r m e r s  e x h i b i t s  a r e a s o n -  
a b l y  good c o r r e l a t i o n  o v e r  a r ange  of f r e q u e n c i e s  from 10 t o  
100 k i l o c y c l e s .  

An e q u i v a l e n t  c i r c u i t  i s  developed  and p a r a m e t e r s  of 
t h e  c i r c u i t  are c a l c u l a t e d  from t h e  s ize  and shape  o f  mater ia ls  
i n  t h e  t o r o i d a l  c o n f i g u r a t i o n .  The e q u a t i o n s  and c a l c u l a t i o n s  
i n v o l v i n g  c i r c u i t  p a r a m e t e r s  and c i r c u i t  r e s p o n s e  are of  a 
c o m p l e x i t y  which r e q u i r e s  t h e  u s e  of a d i g i t a l  c o n p u t e r  t o  
y i e l d  a n a l y t i c a l  r e s u l t s  i n  a r e a s o n a b l e  t i m e .  

T a b l e s  and g r a p h s  p r e s e n t  a n a l y t i c a l  and e x p e r i m e n t a l  
r e s u l t s  d e s c r i b i n g  i n p u t  impedance,  e f f i c i e n c y ,  t ransfer  
f u n c t i o n ,  r e s o n a n t  f r e q u e n c i e s ,  and e x t e r n a l  m a g n e t i c  f i e l d s .  
R e s u l t s  i n d i c a t e  t h e  t r a n s f o r m e r s  a r e  q u i t e  s e n s i t i v e  t o  l o a d .  
The s t r a y  m a g n e t i c  f i e l d  of  t h e  t r a n s f o r m e r  o p e r a t i n g  n e a r  
r e s o n a n c e  i s  a p p r o x i m a t e l y  10 t imes t h e  s t r a y  m a g n e t i c  f i e l d  
a t  o f € - r e s o n a n c e  f r e q u e n c i e s .  

*Non-magnetic means n o  f e r r o m a g n e t i c  m.aterials are u s e d  and 
t h e  c o n v e r t e r  c o n f i g u r a t i o n s  are d e s i g n e d  t o  minimize  mag- 
n e t i c  i n t e r f e r e n c e  e x t e r n a l  t o  t h e  c o n v e r t e r .  



INTRODUClTION 

The d e s i g n  of D. C. t o  D.  C. c o n v e r t e r s  w i t h  n e g l i g i b l e  
magne t i c  i n t e r f e r e n c e  c h a r a c t e r i s t i c s  h a s  b e  come n e c e s s a r y  i n  
view o f  c u r r e n t  need  f o r  s a t e l l i t e  power sys t ems  t h a t  w i l l  
p e rmi t  t h e  u n d i s t o r t e d  m e a s u r e a e n t  of t h e  v e r y  small m a g n e t i c  
f i e l d s  e x i s t i n g  i n  o u t e r  s p a c e .  

Conven t iona l  s a t e l l i t e  power s y s t e m s  u t i l i z e  fe r romag-  
n e t i c  components t o  a c h i e v e  v o l t a g e  c o n v e r s i o n  and i n v e r s i o n .  
These components i m p a i r  t h e  a c c u r a c y  of  m a g n e t i c  f i e l d  measure-  
ments i n  two ways: 

(1 )  The ambient  f i e l d  i s  d i s t o r t e d  by t h e  p r e s e n c e  of 
t h e  r e l a t i v e l y  h i g h  p e r m e a b i l i t y  o f  t h e  f e r romag-  
n e t i c  m a t e r i a l .  

( 2 )  Fer romagne t i c  mater ia l s  e x h i b i t  a r e s i d u a l  m a g n e t i c  
f i e l d  t h a t  may be g r e a t e r  t h a n  o r  e q u a l ,  i n  o r d e r  
of magn i tude ,  t o  t h e  ambient  f i e l d .  

The p o s s i b i l i t y  of s h i e l d i n g  i s  l i m i t e d  due t o  t h e  e s s e n -  
t i a l l y  s t a t i c  n a t u r e  of b o t h  t h e  ambient  and r e s i d u a l  f i e l d s ,  
and t h i s  has  f o r c e d  t h e  c o n s i d e r a t i o n  of o t h e r  p o s s i b l e  means 
of  a c h i e v i n g  v o l t a g e  t r a n s f o r m a t i o n s ,  n o t  u s i n g  f e r r o m a g n e t i c  
mater ia ls  . 

A t  p r e s e n t ,  two g e n e r a l  methods f o r  a c h i e v i n g  v o l t a g e  
t r a n s f o r m a t i o n  are  b e i n g  e x p l o r e d ,  t h e  ceramic t r a n s f o r m e r  and 
t h e  i n d u c t i v e l y  c o u p l e d ,  a i r - c o r e  t r a n s f o r m e r  o p e r a t i n g  i n  t h e  
r a d i o  f r e q u e n c y  r a n g e ,  A s p e c i f i c  a i r - c o r e  t r a n s f o r m e r  con-  
f i g u r a t i o n  i s  c o n s i d e r e d  i n  t h i s  r e p o r t .  

P R E L I U I N A R Y  CONSIDERATIONS 

A f i r s t  Semi-Annual S t a t u s  R e p o r t ,  s u b m i t t e d  t o  t h e  
N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  on Oc tobe r  3 ,  1962, 
p r e s e n t e d  a b r i e f  a n a l y s i s  of a new o s c i l l a t o r  d e s i g n  c a p a b l e  of 
o p e r a t i n g  a t  e f f ic iences  near  80 p e r c e n t  and h a v i n g  a square 
wave o u t p u t ,  t h e  f r equency  of which was a l o g a r i t h m i c  f u n c t i o n  
of t h e  b a s e  d r i v e  o f  t h e  t r a n s i s t o r s  ( s e e  appendix  E ) .  T h i s  
o s c i l l a t o r  was deve loped  t o  s e r v e  as t h e  d r i v e r  s t a se  f o r  a non- 
magne t i c  c o n v e r t e r .  Due t o  t h e  a n t i c i p a t e d  low e f f i c i e n c y  of 
t h e  t r a n s f o r m e r  s t a g e  of  t h e  c o n v e r t e r ,  c o n s i d e r a b l e  e f f o r t  was 
made t o  maximize t h e  e f f i c i e n c y  of t h i s  d e s i g n  a s  a f i r s t  s t e p  
i n  o b t a i n i n g  maximum e f f i c i e n c y  i n  t h e  o v e r a l l  c o n v e r t e r .  

I t  i s  g e n e r a l l y  a c c e p t e d  t h a t  t o r o i d a l  windings  p roduce  
magne t i c  f i e l d s  which are c o n f i n e d  p r i m a r i l y  w i t h i n  t h e  volume 
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s 

of t h e  t o r o i d .  T h e r e f o r e ,  i n  o r d e r  t o  minimize  t h e  v a l u e  of 
t h e  induced  m a g n e t i c  f i e l d  e x t e r n a l  t o  t h e  wind ings ,  and t o  
r e d u c e  o r  e l i m i n a t e  t h e  2roblem of s h i e l d i n g ,  t h e  t o r o i d  was 
chosen  f o r  t h e  b a s i c  t r a n s f o r m e r  c o n f i g u r a t i o n .  

a r rangement  was d i c t a t e d  by t h e  f o l l o w i n g  c o n s i d e r a t i o n s .  
With t h e  b a s i c  geometry f i x e d ,  t h e  c h o i c e  of winding 

(1) The p lacement  of t h e  windings  must  be such  as n o t  
t o  d e s t r o y  t h e  f i e l d  c o n f i n i n g  p r o p e r t i e s .  of t h e  
b a s i c  geometry ,  

( 2 )  The d e s i g n  must be  amenable t o  a n a l y t i c a l  s t u d y  
and s h o u l d  n o t  r e q u i r e  u n r e a s o n a b l y  c l o s e  t o l e r -  
a n c e s  f o r  s u c c e s s f u l  f a b r i c a t i o n .  

( 3 )  I n  o r d e r  t o  o b t a i n  t h e  h i g h e s t  p o s s i b l e  e f f i c i e n c y ,  
t h e  c o u p l i n g  c o n s t a n t  must be maximized i n s o f a r  a s  
is  c o n s i s t e n t  w i t h  t h e  r e q u i r e m e n t s  of ( 1 )  and ( 2 )  
above . 

Three  t y p e s  of windings  were c o n s i d e r e d  i n i t i a l l y .  

(1) A p r i m a r y  winding  c o n s i s t i n g  of a copper  s h e e t  which 
e n c l o s e s  t h e  t o r o i d  and t h e  s e c o n d a r y  ( u n i f o r m l y  
d i s t r i b u t e d )  w ind ing ,  and h a v i n g  a m a l l  gap a l o n g  
t h e  i n n e r  c i r c u m f e r e n c e  of  t h e  t o r o i d .  The p r i m a r y  
i n p u t  l e a d s  come i n  a s  a t w i s t e d  p a i r  t o  t h e  c e n t e r  
of t o r o i d  and from the re  b r a n c h  o u t  t o  a number 
of p o i n t s  a long  t h e  gap s o  as t o  i n s u r e  as n e a r l y  
un i fo rm a c u r r e n t  d i s t r i b u t i o n  a s  p o s s i b l e ,  The 
s e c o n d a r y  winding  t e r m i n a l s  a r e  b r o u g h t  o u t  t h r o u q h  
t h e  gap. Th i s  coi>per s h e e t  a c t s  a s  a s i n g l e  t u r n ,  
p e r f e c t l y  d i s t r i b u t e d  pr imary  winding .  

t h e  t o r o i d .  
( 2 )  Segmented bank w i n d i n g s ,  spaced  s y m m e t r i c a l l y  a round 

( 3 )  I ln i formly  d i s t r i b u t e d ,  m u l t i - l a y e r  w ind ings .  

SINGLE TlJRN PRIMARY 

I n i t i a l l y ,  t h e  s i n g l e  t u r n  p r imary  was r e g a r d e d  w i t h  con-  
s i d e r a b l e  e n t h u s i a s m .  T h i s  t y p e  of p r i m a r y  p l a c e s  a " c u r r e n t  
sheet" around t h e  e n c l o s e d  s e c o n d a r y  wind ings .  Theref  o r e ,  t h e  
e x t e r n a l  n a g n e t i c  f i e l d  of t h i s  dev ice  i s  a d i r e c t  f u n c t i o n  o f  
t h e  l e n g t h  o f  t h e  gap i n  t h e  p r imary  wind ing ,  which can  b e  made 
q u i t e  small. Hence, a d e v i c e  of t h i s  t y p e  would e x h i b i t  a 
v e r y  low l e a k a g e  f i e l d ,  Such a d e v i c e  was b u i l t  and t e s t e d .  
The d a t a  showed v e r y  low v a l u e s  f o r  t h e  magn i tude  of t h e  p r i m a r y  

3 



t o  secondary  v o l t a g e  t r a n s f e r  f u n c t i o n  and t h e  t r a n s f o r m e r  
e f f i c i e n c y .  An a n a l y t i c a l  model was p o s t u l a t e d  f o r  t h i s  de -  
v i c e  and t h e  a n a l y t i c a l  r e s u l t s  showed c l o s e  agreement  w i t h  
t h e  e x p e r i m e n t a l  d a t a .  P r e d i c t i o n s  t a k e n  from t h e  model 
i n d i c a t e  t h a t  t h e  i n h e r e n t l y  low v a l u e  of p r i m a r y  i n d u c t a n c e  
l imits  t h e  maximum o b t a i n a b l e  e f f i c i e n c y  of t h i s  d e v i c e  t o  
approx ima te ly  t e n  p e r c e n t  and t h e  r a d i a l  d imens ions  o f  t h e  
t o r o i d  must be  of t h e  o r d e r  of twen ty  fold t o  a c h i e v e  even  
t h i s  modest v a l u e .  T h e s e  f a c t s  c l e a r l y  e l i m i n a t e  t h e  s i n g l e  
t u r n  pr imary  from c o n s i d e r a t i o n  as a p r a c t i c a l  d e v i c e .  

SEGMENTED B A N K  W I N D I N G  

The  segmented bank windings  were r e j e c t e d  i n  f a v o r  of 

The u n i f o r m l y  d i s -  
u n i f o r m l y  d i s t r i b u t e d  wind ings  due  t o  t h e  f a b r i c a t i o n  and 
a n a l y s i s  c r i t e r i o n  ment ioned  p r e v i o u s l y .  
t r i b u t e d  windings  are eas i e r  t o  r e p r o d u c e  and t h e i r  c i r c u i t  
e q u i v a l e n t  i s  more e a s i l y  o b t a i n e d .  

DISTRIBUTED T O R O I D A L  WINDINGS 

As s t a t e d  p r e v i o u s l y ,  t h e  t o r o i d a l  shape  of  t h e  d i s -  
t r i b u t e d  wind ings  ac t s  t o  c o n f i n e  t h e  induced  f i e l d  of t h e  
t r a n s f o r m e r .  The use  of  d i s t i n c t  t u r n s ,  as opposed t o  t h e  
s i n g l e  t u r n  a r r angemen t ,  i n t r o d u c e s  a d d i t i o n a l  c o n s i d e r a t i o n s  
due t o  t h e  manner i n  which t h e  c u r r e n t  f l o w s  around t h e  s u r f a c e  
o f  t h e  t o r o i d .  
t h e  t o r o i d  and p a s s i n g  t h r o u g h  t h e  c e n t e r  of  t h e  t o r o i d ,  form 
a c y l i n d r i c a l  c o o r d i n a t e  sys tem a b o u t  t h i s  a x i s .  I t  i s  c l e a r  
t h a t  t h e  c u r r e n t  d e n s i t y  i n  t h e  wind ings  w i l l  have  components 
i n  a l l  t h r e e  c o o r d i n a t e  d i r e c t i o n s .  The f i e l d  c r e a t e d  by t h e  
a x i a l  and r a d i a l  components of c u r r e n t  d e n s i t y  i s  c o n f i n e d  t o  
t h e  volume of t h e  t o r o i d  b u t  t h e  t h e t a  d i r e c t e d  component 
creates  a f i e l d  t h a t  i s  n o t  c o n f i n e d  t o  w i t h i n  the t o r o i d .  hteth- 
ods of e s t i m a t i n g  t h e  o r d e r  of  magni tude  of t h i s  f i e l d  have  
been developed  and are  p r e s e n t e d  i n  some d e t a i l  i n  Appendix D .  

Taking an  a x i s  p e r p e n d i c u l a r  t o  t h e  p l a n e  of  

ANALYSIS 

F igure  1 shows t h e  e q u i v a l e n t  c i r c u i t  t h a t  h a s  been de- 
r i v e d  f o r  t h e  u n i f o r m l y  d i s t r i b u t e d ,  m u t u a l l y  c o u p l e d ,  t o r o i d a l  
windings.  T h i s  i s  a lumped p a r a m e t e r  a p p r o x i m a t i o n  t o  t h e  
b e h a v i o r  o f  t h e  a c t u a l  d i s t r i b u t e d  s y s t e m ,  and t h e  methods w h e r e -  
by i t  i s  d e r i v e d  a r e  p r e s e n t e d  i n  d e t a i l  i n  Appendix A. 
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. 

F i g u r e  1: The E q u i v a l e n t  C i r c u i t  f o r  t h e  D i s t r i b u t e d  
Winding Transformer  . 

The f o l l o w i n g  f r e q u e n c y  dependent  c h a r a c t e r i s t i c s  of 
t h e  d i s t r i b u t e d  winding  model a re  o b t a i n e d  by Lap lace  methods 
i n  Appendix B. 

( l Z i n l  ) *  
( a )  Magnitude of t h e  i n p u t  impedance, 

(b)  Phase a n g l e  of  t h e  i n p u t  impedance,  ( &(Zin) ). 

(c) Magnitude of  t h e  v o l t a g e  t r a n s f e r  f u n c t i o n ,  
( lGv( ) *  

(d )  

( e )  

Two more, i m p o r t a n t  c h a r a c t e r i s t i c s  of  t h e  model a r e  
o b t a i n e d  i n  a p p e n d i c e s  B and D. 
f r e q u e n c ' i e s  of t h e  d e v i c e  a re  found a s  t h e  s o l u t i o n s  of an 
e i g h t h  o r d e r  po lynomia l .  In Appendix D ,  a s t a t i c  f i e l d  model 
i s  p o s t u l a t e d  and p r e d i c t i o n s  are made for t h e  a x i a l l y  d i r e c t e d  
component o f  t h e  m a g n e t i c  f i e l d .  

I n  o r d e r  t o  t es t  t h e  v a l i d i t y  of t h e  a n a l y s i s ,  two t r a n s -  
former  models  ( T 1  and T2) were d e s i g n e d ,  b u i l t ,  and t e s t e d  and 
t h e  e x p e r i m e n t a l  r e s u l t s  were compared w i t h  t h e  a n a l y t i c a l  
r e s u l t s .  The p h y s i c a l  n a t u r e  o f  t h e  d e s i g n s  T 1  and T2 are d e -  
s c r i b e d  i n  Appendix F. 

Both T 1  and T2 were t e s t e d  u s i n g  two v e r y  d i f f e r e n t  
v a l u e s  o f  l o a d  r e s i s t a n c e .  For t h e  f irst  t e s t ,  ZL was s e t  
e q u a l  t o  1000 ohms, and € o r  t h e  second case, ZL was f i x e d  a t  
30,400 ohms. 
p a t e d  i n  t a b l e s  1 t h r o u g h  11. 

Phase  a n g l e  of t h e  t r a n s f e r  f u n c t i o n ,  ( @ (Cv) 
E f f i c i e n c y  of t h e  power t r a n s f e r  between t h e  
p r i m a r y  and s e c o n d a r y  p a r t s ,  (E)  . 

). 

I n  Appendix B ,  t h e  r e s o n a n t  

The a n a l y t i c a l  and e x p e r i m e n t a l  r e s u l t s  are com- 
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Case 1: Z L  = 1000 ohms (Tables  1 t h rough  5): 

TABLE 1 

(a) Magnitude of I n p u t  Impedance, Zin (ohms) 

T2 - 
f r e q u e n c y  - A N A L .  - E X P .  - A N A I , .  - E X P .  ( k c p s )  

79.1 
152 
219 
275 
328 
374 
398 
422 
435 
433 

78.6 
15 1 
218 
2 73 
327 
373 
396 
420 
43 3 
431 

28.0 
44.0 
57.8 
71.8 
86.3 

101.3 
116.6 
132.4 
148.4 
164.8 

28.8 
44.0 
57.2 
72.1 
87.3 

102 
118 
134 
149 
164 

10 
20 
30 
40 
50 
60 
70 
80 
90 
100 

T A B L E  2 

( b )  Phase Angle of  I n p u t  Impedance, @(Zin)  

EXP. - ANAL . - 
1.27 
1.20 
1.08 
0.944 
0.784 
0.708 
0.382 
0.192 
0.172 
0.141 

1.26 
1.18 
1.06 
0.872 
0.746 
0.569 
0.494 
0.455 

0.428 
0 429 

- A N A L .  

1.045 
1,055 
1.13 
1.187 
1.225 
1.250 
1.258 
1 . 260 
1.265 
1.270 

EXP. - 
1.02 
1.03 
1.07 
1.15 
1.18 
1.21 
1.22 
1.24 
1.25 
1.23 

( r a d  i a n s  ) 

f r e q u e n c y  
( k c p s )  

10 
20 
30 
40 
50 
60 
70 
80 
90 
100 



TABLE 3 

( c )  Magnitude of t h e  V o l t a g e  Transfer F u n c t i o n ,  G,, 

1.26  
1 .24  
1.22 
1 .21  
1 . 2 1  
1.14 
1.13 
1.13 

1 . 1 0  
1.11 

EXP. - 

T 1  
ANAL,  - E X P .  - - 
41.5 

68.3 
68.3 
66 .1  
64.6 

54.8 
54.2 
53.9 

64 .1  

55.0 

40.8 
63.0 
68.0 
68.0 
65.6 
63.4 
52.7 
51.6 
51.0 
49.0 

ANAL . - 
2.94 

2.09 
1.74 
1.47 
1.26 

0.98 
0 .87  
0 .78  

2.55  

1.10 

TABLE 4 

E f f i c i e n c y  ( a )  

T2 - 
EXP.  

3.06 
2.63 
2.20 
1.89 
1.60 
1.36 
1.18 

0.89 
0.80 

1 .01  

f r e q u e n c y  
(kcps) 

10  
20 
30  
40 
50 
60 
70 
80 
90 

100 

T2 f r e q u e n c y  
EXP. (kcps) - - ANAL. - 

48.1 
58.1 
5 9 . 4  
58.2 
55.0 
51.4 
45.5 
4 1 . 2  
37.4 
34.7 

46.3 
56.7 
57.4 
57.2 
53.1 
49.3 
42.9 
37.3 
33.5 
30.4 

TABLE 5 

( e )  Res onan t Frequenc ie s  

T 1  - EXP. - ANAL b - 
T 2  - 

E X P .  - ANAL - 

10 
20 
30 
40 
50 
60 
70 
80 
90 
100 

917 KC 896 KC = f l  6 2 3  KC 609 KC = f l  
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Case 2: 2 = 30,400 ohms: ( T a b l e s  6 t h r o u g h  1 0 ) :  I, 

TABLE 6 

(a)  Magnitude of t h e  ' Input  Impedance,  Zin (ohms) 

ANAL . - 
77.4 

157 
2 45 
344 
4 44 
569 
704 
780 
929 

1061 

T 1  - EXP. - 
76.2 

155 
244 
340 
442 
566 
698 
774 
922 

1052 

- ANAL . 
30.7 
60.6 
91.5 
123.5 
157.1 
192.9 
232 
274 
321 
375 

T2 - EXP. 

30.4 
60.0 
89.3 

121.1 
155.4 
191.7 
230 
275 
320 
372 

f r e q u e n c y  
( k c p s )  

10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

TABLE 7 

(b)  Phase Angle of t h e  I n p u t  Impedance ,  $ ( Zin) ( r a d i a n s )  

T 1  
_. EXP. - A N A L .  - 

1.30 
1.43 
1.40 
1.36 
1.33 
1.28 
1 . 2 2  
1.19 
1.13 
1 .10 

8 

1.30 
1.39 
1.38 
1.35 
1 , 3 0  
1,24 
1.14 
1.10 
1.05 
1.00 

T2 - EXP. - A N A L .  

1.00 
1.03 
1.05 
1.06 
1.07 
1.11 
1.13 
1.18 
1.12 
1.10 

1.01 
1.04 
1.05 
1.06 
1.06 

1.11 
1.10 
1.08 
1.06 

1.09 

10 
20 
30 
40 
50 
60 
70 
80 
90 

100 



TABLE 8 

(c) Magni tude  o f  t h e  V o l t a g e  T r a n s f e r  Funct ion,  Gv 

ANAL . 
1.29 
1.33 
1.29 
1 .27  
1.25 
1 .24  
1.23 
1 .21  
1 .20  
1.18 

- 
T1 

1.30 
1.34 
1.30 
1.27 
1.26 
1.25 
1.23 
1.22 
1.20 
1.19 

T2 
_I 

ANAL . 
3.51 
3.61 
3.66 
3.72 
3.80 
3.90 
4.02 
4.17 
4.36 
4.60 

EXP . - 
3.55 
3.64 
3.68 
3 .74 
3.81 
3.92 
4.05 
4.20 
4.37 
4.63 

f r e q u e n c y  

10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

(kcps )  

TABLE 9 

( d l  Eff ic iency  (%) 

T2 f r e q u e n c y  - T1 
EXP . ( k c p s )  - ANAL . - - EXP. - ANAL . - 

1.63 
5.90 
7.62 
8.53 
9 .41  
9.90 

10 .21  
10.30 
10.35 
10.9 

1.5 
5.3 
7.3 
8.4 
9.3 
9.8 

10.1 
10.2 
10.3 
10.7 

5 .41  
15.2 
23.9 
28.2 
30 4 5  

32.8  
34.0 
34.2 
34 .8  
35.6 

5.28 
1 5  .os 
23.7 
27.7 
29.4 
30.8 
31.1 
31.9 
32.3 
33.5 

10 
20 
30 
40 
50 
60 
70 
80 
90 

100 
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TABLE 10 

( e )  Resonant  F r e q u e n c i e s  

EXP. - ANAL . - 
f l  = 194 k i l o c y c l e s  
f 2  = 590 I t  

f 3  = 983 I t  

T2 - 
ANAL. 

f l  = 162 k i l o c y c l e s  
f Z  = 609 I 1  

f t  = 186.0 k i l o c y c l e s  
f 2  = 584.0 
f 3  = 904 

11 

11 

EXP. 

f l  = 153.0 k i l o c y c l e s  

- 

f 2  = 597.0 11 

The a n a l y t i c a l  d e t e r m i n a t i o n  of t h e  m a g n e t i c  l e a k a g e  
f i e l d  a t  a d i s t a n c e  of 0 .5  meter w i t h  a c u r r e n t  of 1.0 ampere 
i n  t h e  s econdary  winding was made f o r  t h e  model T2, and y i e l d e d  
t h e  f o l l o w i n g .  

TABLE L 1  

S t r a y  Magnet ic  F i e l d  
HT (gammas) 8 ( d e g r e e s )  

8.39 
8.39 
8.40 
8.40 
8.41 
8.41 
8.42 
8.43 
8.44 
8.46 
8.47 
8.48 
8.49 
8.50 
8.51 
8.51 
8.52 
8.52 
8.52 

0 . 0  
5.0 

10.0 
15.0 
2 0 . 0  
25.0 
30.0 
35.0 
40.0 
45.0 Note:  
50.0 

7 

1 gamma = 1 0 ' ~  gauss .  55.0 
60.0 
65.0 
70.0 
75.0 
80.0 
85.0 
90.0 
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Where 8 i s  t h e  az imuth  a n g l e  ( s p h e r i c a l  c o o r d i n a t e s )  

An o r d e r  o f  magni tude  check  was made on t h e  m a g n e t i c  
l e a k a g e  f i e l d  c a l c u l a t i o n s  by u s i n g  a small p i c k - u p  c o i l  com- 
b i n e d  w i t h  a s e n s i t i v e  vacuum t u b e  v o l t m e t e r .  The l eakage  
f i e l d  was t h e  same o r d e r  of magni tude as  c a l c u l a t e d  v a l u e s  a t  
o f f  r e s o n a n c e  f r e q u e n c i e s  b u t  near r e s o n a n c e  t h e  l eakage  f i e l d  
would i n c r e a s e  t e n  f o l d .  

F i g u r e s  2 t h r o u g h  5 p r o v i d e  a comparison of t e s t  and 
a n a l y t i c a l  r e s u l t s  f o r  t h e  transformer T1. 

DISCUSSION OF RESIJLTS 

Comparison of  t h e  a n a l y t i c a l  p r e d i c t i o n s  t a k e n  from t h e  
model and t h e  e x p e r i m e n t a l  d a t a  shows v a r y i n g  d e g r e e s  o f  
a c c u r a c y .  The magni tude  o f  t h e  i n p u t  impedance e x h i b i t s  e x -  
c e l l e n t  agreement  o v e r  t h e  e n t i r e  r a n g e  of  10 t o  100 k i l o c y c l e s ,  
a s  d o e s  t h e  magni tude  of  t h e  t r a n s f e r  f u n c t i o n .  The c a l c u l a t e d  
e f f i c i e n c i e s  are i n  r e a s o n a b l y  good agreement  o v e r  t h e  lower 
p o r t i o n  o f  t h i s  f r e q u e n c y  r a n g e ,  however, some d i v e r g e n c e  i s  
n o t e d  n e a r  t h e  100 k i l o c y c l e  f r e q u e n c y  p o i n t .  I t  i s  clear 
t h a t  t h e  p r i m a r y  r e a s o n  f o r  t h e  i n c r e a s i n g  e r r o r  i s  i n  t h e  
p r e d i c t e d  v e r s u s  t h e  a c t u a l  p h a s e  a n g l e  of t h e  i n p u t  impedance,  
s i n c e  t h e  e f f i c i e n c y  e x p r e s s i o n  i s  d i v i d e d  by t h e  c o s i n e  of  
t h i s  a n g l e .  The i n c r e a s i n g  e r r o r  i n  t h e  c a l c u l a t i o n  of t h e  
p h a s e  a n g l e  of  Z i n  may be t r a c e d  d i r e c t l y  t o  t h e  a s sumpt ions  
made t o  o b t a i n  t h e  e q u i v a l e n t  network o f  F i g u r e  1. As d i s -  
c u s s e d  i n  Appendix A ,  i t  is  n e c e s s a r y  t o  approx ima te  t h e  be-  
h a v i o r  of  a m u l t i p l e  l oop  d i s t r i b u t e d  sys tem by a s i n g l e  l o o p ,  
lumped p a r a m e t e r  e q u i v a l e n t .  I n  t h e  low R F band ,  t h e  a p p r o x i -  
ma t ion  i s  q u i t e  good and i t  i s  a l s o  good f o r  e x t r e m e l y  h i g h  
R F ,  however,  i n  t h e  midd le  r a d i o  f r e q u e n c y  r a n g e ,  t h e  be -  
h a v i o r  o f  t h e  m u l t i p l e  l oop  system i s  much more p o o r l y  a p p r o x i -  
mated by t h e  lumped sys tem due t o  t h e  f a c t  t h a t  t h e  many l o o p  
sys t em h a s  t h e  p o s s i b i l i t y  of p roduc ing  a v a r i e t y  o f  r e s o n a n c e  
e f f e c t s  t h a t  c a n n o t  be ach ieved  by t h e  s i n g l e  l o o p  e q u i v a l e n t .  
A m u l t i p l e  loop  model o f  t h e  d i s t r i b u t e d  windings  can  be con-  
c e p t u a l i z e d  h u t  t h e  c o m p u t a t i o n a l  l a b o r  i n v o l v e d  i n  i t s  s o l u -  
t i o n  i n c r e a s e s  v e r y  r a p i d l y  w i t h  i n c r e a s i n g  numbers of l oops  
and i t  is  d o u b t f u l  if t h e  o b t a i n a b l e  i n c r e a s e  i n  a c c u r a c y  w i l l  
j u s t i f y  t h e  a d d i t i o n a l  l a b o r  . 

I n  i t s  p r e s e n t  form,  t h e  mode l  e x h i b i t s  s u f f i c i e n t  
a c c u r a c y  t o  be u s e f u l  a s  an a n a l y t i c a l  t o o l .  The o v e r a l l  be-  
h a v i o r  of a g i v e n  d e s i g n  can  be e s t i m a t e d  w i t h i n  t e n  p e r c e n t  
from 1 t o  100  k c .  by t h i s  m.ode1 and the e f f e c t  of a chang ing  
l o a d  c a n  r e a d i l y  be obse rved .  * 
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c , 

The r e s o n a n t  f r e q u e n c y  po lynomia l  g i v e n  i n  Appendix 
B ,  i s  of i n t e r e s t  due t o  t h e  f a c t  t h a t  i t  imposes an u p p e r  
l i m i t  on t h e  number of  r e s o n a n t  f r e q u e n c i e s  a d e s i g n  may 
e x h i b i t ,  namely,  o n l y  f o u r  r e s o n a n c e s  are a l l o w e d ,  Again,  
l ook ing  a t  t h e  m u l t i p l e  loop  s y s t e m ,  such  a l i m i t a t i o n  seems 
i n c o n s i s t e n t  w i t h  t h e  f a c t s  b u t  a l l  of t h e  t r a n s f o r m e r s  e x -  
amined i n  t h e  c o u r s e  of t h i s  work have  shown f o u r  o r  less 
re sonances  o v e r  t h e  r a n g e  1000 c y c l e s  t o  t e n  megacycles .  
Fur thermore ,  i t  a p p e a r s  t h a t  by chang ing  t h e  magni tude  of  
t h e  load  r e s i s t a n c e ,  some of  t h e s e  r e s o n a n c e s  may be e l imi -  
n a t e d ,  

C OM h,E N T S 

From t h e  r e s u l t s  of t h i s  work, s e v e r a l  comments can 
be  made c o n c e r n i n g  t h e  u s e  of t h e  a i r - c o r e  t r a n s f o r m e r  i n  
c o n v e r t e r  sys t ems .  The d e c r e a s i n g  e f f i c i e n c y  f o r  i n c r e a s i n g  
v a l u e s  o f  l oad  r e s i s t a n c e  i n d i c a t e s  t h a t  t h e  d i s t r i b u t e d  
winding t r a n s f o r m e r  e x h i b i t s  a r a t h e r  low o u t p u t  impedance,  
T h e r e f o r e ,  an impedance match and optimum e f f i c i e n c y  can  be 
a c h i e v e d  o n l y  by s e r v i n g  r e l a t i v e l y  low impedance l o a d s ,  
Thus f a r ,  t h e  a n a l y s i s  d o e s  n o t  a l l o w  f o r  r e a c t i v e  l o a d i n g ,  
b u t  it w i l l  be  s e e n  i n  Appendix B t h a t  o n l y  a minor  change i n  
t h e  a n a l y s i s  w i l l  be  n e c e s s a r y  t o  accoun t  f o r  r e a c t i v e  l o a d s .  

The shape  of  t h e  p l o t  o f  t h e  m a g n i t i d e  of t h e  v o l t a g e  
t r a n s f e r  f u n c t i o n  v e r s u s  f r e q u e n c y  r a i se s  some i n t e r e s t i n g  
p o s s i b i l i t i e s  f o r  r e g u l a t i o n  when combined w i t h  t h e  l o a d -  
f r e q u e n c y  cha rac t e r i s t i c s  of t h e  d r i v e r  o s c i l l a t o r  d i s c u s s e d  
i n  Appendix E .  The f r e q u e n c y  of t h e  d r i v e r  i n c r e a s e s  w i t h  
i n c r e a s i n g  l o a d ,  t h e r e f o r e ,  i f  t h e  o p e r a t i n g  p o i n t  o f  t h e  
t r a n s f o r m e r  i s  p o s i t i o n e d  on t h e  r i s i n g  p o r t i o n  of t h e  G V  v s  
f c u r v e ,  t h e  d rop  i n  o u t p u t  t e r m i n a l  v o l t a g e  due t o  a n  i n -  
crease i n  l o a d  c u r r e n t  would t e n d  t o  be  o f f s e t  by an i n c r e a s e  
i n  the magni tude  of t h e  t r a n s f e r  f u n c t i o n .  As y e t ,  n o  p r a c t i -  
c a l  t e s t  of  t h i s  h y p o t h e s i s  has been  made b u t  t h e  p o s s i b i l i t y  
of a c h i e v i n g  wor thwhi l e  v o l t a g e  r e g u l a t i o n  seems t o  e x i s t .  

I n  g e n e r a l ,  t h e  a n a l y t i c a l  model p r e s e n t e d  i n  t h i s  
r e p o r t  r e q u i r e s  a cu t  and t r y  p r o c e d u r e  t o  d e s i g n  c o n v e r t e r  
components. A d e s i r a b l e  r e s u l t  would be  t o  i n v e r t  t h e  e n t i r e  ’ 
a n a l y s i s  p r o c e s s  , t h u s  a c h i e v i n g  a s y n t h e s i s  method,  where in  
s p e c i f i c a t i o n s  c o u l d  b e  imposed and a p h y s i c a l  geometry  de -  
t e rmined ,  A f i r s t  s t e p  h a s  been t a k e n  i n  t h i s  d i r e c t i o n  i n  
Appendix C ,  where a l l  t h e  p a r t i a l  d e r i v a t i v e s  of t h e  ne twork  
f u n c t i o n s  w i t h  r e s p e c t  t o  t h e  ne twork  p a r a m e t e r s  have  been 
computed as a f u n c t i o n  o f  f r e q u e n c y ,  By hav ing  some know- 
l edge  of t h e  manner i n  which a change i n  one o f  t h e  c i r c u i t  
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p a r a m e t e r s  a f f ec t s  t h e  network f u n c t i o n s ,  a d e s i g n e r  can  t h e n  
examine t h e  r e l a t i o n s h i p  of t h e  pa rame te r  i n  q u e s t i o n  t o  t h e  
t r a n s f o r m e r  geometry  and a d j u s t  t h e  geometry a s  b e s t  meets 
h i s  needs .  

CONCLUSIONS 

.4n a n a l y t i c a l  model d e s c r i b i n g  a d i s t r i b u t e d  wind ing ,  
a i r - c o r e  t r a n s f o r m e r  h a s  been developed  and t e s t e d  ove r  a 
r a n g e  of  f r e q u e n c i e s  from 10 t o  100 k i l o c y c l e s .  E x p e r i m e n t a l  
r e s u l t s  check w i t h i n  10 p e r c e n t  f o r  i n p u t  impedance, t r a n s -  
f e r  f u n c t i o n  and e f f i c i e n c y .  A r e s i s t i v e  load  h a s  been u s e d  
t o  i n d i c a t e  t h a t  t h e  c h a r a c t e r i s t i c s  of  t h e  t r a n s f o r m e r  a r e  
s e n s i t i v e  t o  load .  C a l c u l a t i o n s  and measurements  of e f f i c i e n c y  
and s t r a y  m a g n e t i c  f i e l d s  i n d i c a t e  t h a t  i t  is  u n d e s i r a b l e  t o  
o p e r a t e  t h e  t r a n s f o r m e r  near r e sonance  i f  h i g h  e f f ic ienc ies  
and low l e a k a g e  f i e l d s  a r e  d e s i r e d .  Appendix E describes an 
o s c i l l a t o r  d e s i g n  h a v i n g  e f f i c i e n c i e s  o f  a p p r o x i m a t e l y  80 
p e r c e n t .  T h i s  o s c i l l a t o r ,  u s e d  i n  c o n j u n c t i o n  w i t h  t h e  t r a n s -  
fo rmer  d e s c r i b e d  i n  t h i s  r e p o r t ,  o f f e r s  t h e  p o s s i b i l i t y  o f  
a c h i e v i n g  s e l f - r e g u l a t i o n  by combining t h e  f r e q u e n c y  dependen t  
c h a r a c t e r i s t i c s  o f  t h e  two d e v i c e s .  
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Appendix A 

CALCULATION OF THE PARAYETERS OF THE EQIJIVALENT C I R C U I T  

The c o n c e p t u a l  approach  used t o  d e v i s e  a c i r c u i t  e q u i v a -  
l e n t  f o r  t h e  d i s t r i b u t e d  winding model is  based  on t h e  model 
p roposed  f o r  t h e  much s i m p l e r  s i n g l e  t u r n  p r i m a r y  d e s i g n .  The 
c i r c u i t  shown i n  F i g u r e  A - 1  was found t o  r e p r e s e n t  t h e  p r i m a r y  
of t h e  s i n g l e  t u r n  d e s i g n  w i t h  good a c c u r a c y .  There  is  s u f -  
f i c i e n t  p h y s i c a l  s i m i l a r i t y  between t h e  two models  t o  j u s t i f y  
an  a t t e m p t  t o  f i t  t h i s  e q u i v a l e n t  c i r c u i t  t o  t h e  b e h a v i o r  of  
t h e  d i s t r i b u t e d  winding  c o n f i g u r a t i o n .  T h i s  r e s u l t  was 
a c h i e v e d  i n  t h e  f o l l o w i n g  way. 

F i g u r e  A - 1  

- 
Q L 

F i g u r e  A-2a 

4 

F i g u r e  A-2a g i v e s  t h e  proposed  e q u i v a l e n t  c i r c u i t  f o r  
a s i n g l e  t u r n  o f  a d i s t r i b u t e d  winding. 
p e r  t u r n  and a n  i n d u c t a n c e  p e r  t u r n  which appea r  i n  series.  
T h e s e ’ e l e m e n t s  are s h u n t e d  by  a t u r n  t o  t u r n  c a p a c i t a n c e .  

There  i s  a r e s i s t a n c e  

We b e g i n  t h e  deve lopment  of t h e  model by c o n s i d e r i n g  
t h e  combina t ion  of t h e s e  s i n g l e  t u r n  e q u i v a l e n t s  t o  form a 
s i n g l e  l a y e r  of t u r n s  as shown i n  F i g u r e  A-2b. The mutua l  
i n d u c t a n c e  t h a t  would a p p e a r  between t u r n s  i s  symmetrical and 
e a c h  t u r n  will have  t h e  same c o n t r i b u t i o n  t o  t h e  m u t u a l  f l u x ,  
t h e r e f o r e ,  f o r  c o n v e n i e n c e ,  t h e  e f f e c t  of  t h e  m u t u a l  i n d u c t a n c e  
i s  lumped w i t h  t h e  self i n d u c t a n c e  and r e p r e s e n t e d  by  L*. The 
v a l u e s  R and C are t h e  same as  for t h e  s i n g l e  t u r n  e q u i v a l e n t .  



e B 

F i g u r e  A-2b 

F i g u r e  A-2c 

A c l o s e  examina t ion  of F i g u r e  A-2b shows t h a t  each 
two successive segments  form a "b r idge"  a round t h e  c o n n e c t i o n s  
a , b .  
Z C R  i s  t h e  se r ies  impedance of t h e  i n d u c t o r - r e s i s t o r  combina- 
t i o n  and Zc is  t h e  impedance of t h e  s h u n t  c a p a c i t o r .  C l e a r l y ,  
t h e  c r o s s  p r o d u c t  of t h e  arm impedances i s  e q u a l  and no  c u r -  
r e n t  w i l l  f l o w  i n  t h e  l i n e  a , b  h e n c e ,  t h e  a , b  c o n n e c t i o n  may 
be removed w i t h  no  e f f e c t  on t h e  c i r c u i t  pe r fo rmance ,  y i e l d i n g  
t h e  e q u i v a l e n t  c i r c u i t  shown i n  F i g u r e  A-2d w h i c h  immedia t e ly  
r educes  t o  t h e  c i r c u i t  shown i n  F i g u r e  A-2e w i t h  the f o l l o w i n g  
d e f i n i t i o n s  o b t a i n i n g  . 

The n e t  e f f e c t  may be r e p r e s e n t e d  as shown i n  F i g u r e  A-2c.  

* 
= N L  ( A - l a )  

Rs = N R  (A-lb)  
cs = C/N (A- l c )  

LS 

where N i s  t h e  number o f  t u r n s  i n  t h e  l a y e r .  
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b 

F i g u r e  A-2d 

F i g u r e  A-2e 

The n e x t  s t e p  i n  t h e  development is t o  c o n s i d e r  t h e  
case f o r  many laye-rs  of  t u r n s .  The c i r c u i t  e q u i v a l e n t  f o r  
t h i s  case i s  shown i n  F i g u r e  A-3a. C1,j is t h e  l a y e r  t o  l a y e r  
c a p a c i t a n c e  and Lsj* a g a i n  r e p r e s e n t s  t h e  combined s e l f  and 
mutua l  i n d u c t a n c e  and Rsj i s  as d e f i n e d  p r e v i o u s l y  w i t h  j 
d e n o t i n g  t h e  j t h  l a y e r  i n  a l l  cases .  S i n c e  t h e  c a p a c i t a n c e s  
Csj and CL-are i n  p a r a l l e l ,  t h e y  may be  immedia t e ly  combined 
t o  CLj" an8 t h e  e q u i v a l e n t  c i r c u i t  r educed  t o  t h a t  shown i n  
F i g u r e  A-3b 

F i g u r e  A-3a 
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C a l c u l a t i o n  of t h e  P a r a m e t e r s  i n  t h e  E q u i v a l e n t  C i r c u i t .  

a. Pr imary  r e s i s t a n c e  

Examinat ion  o f  F i g u r e  A-3c shows t h a t  t h e  e q u i v a l e n e  
r e s i s t a n c e  of t h e  p r i m a r y  winding i s  t h e  r e s i s t a n c e  of an  
e q u i v a l e n t  l e n g t h  of p r i m a r y  conduc to r .  To d e t e r m i n e  t h i s  
v a l u e ,  w e  u s e  t h e  s t a n d a r d  r e s i s t a n c e  formula :  

R = PA 
A 

where 

R = r e s i s t a n c e  i n  u n i t s  of ohms. 
$ = l e n g t h  of c o n d u c t o r  i n  u n i t s  o f  meters. 
A = c r o s s - s e c t i o n a l  a r e a  o f  c o n d u c t o r  i n  u n i t s  of 

p = r e s i s t i v i t y  of m a t e r i a l  i n  ohv~-meters .  

2 meters. 

To a i d  i n  t h e  deve lopment ,  we make t h e  f o l l o w i n g  d e f i n i t i o n s .  

r = d i s t a n c e  from t h e  center of t h e  t o r o u s  t o  t h e  
c e n t e r  o f  t h e  c r o s s - s e c t i o n .  

a = r a d i u s  of  t h e  c r o s s - s e c t i o n .  
Nk = Number of t u r n s  i n  t h e  k t h  l a y e r .  
n = Number of p r i m a r y  l a y e r s .  
S as s u b s c r i p t  r e f e r s  t o  "secondary."  

p 

P 

as s u b s c r i p t  refers  t o  "primary." 

i n c l u d i n g  i n s u l a t i o n .  
dw , d W S  = d i a m e t e r  o f  p r i m a r y  and s e c o n d a r y  c o n d u c t o r s ,  

6, = t h i c k n e s s  of i n s u l a t i o n  on p r i m a r y  c o n d u c t o r .  
& = t h i c k n e s s  of i n s u l a t i o n  on s e c o n d a r y  c o n d u c t o r .  

Ap,As = cross s e c t i o n a l  a r e a  of p r i m a r y  and secondary  con-  

A* ,Ais = c r o s s  s e c t i o n a l  a r e a  of 7 r i m a r y  and s e c o n d a r y  cdn-  

P 

6 = t h i c k n e s s  of i n t e r l a y e r  i n s u l a t i o n .  

d u c t o r s  w i t h o u t  i n s u l a t i o n  i n  meters s q u a r e d .  

d u c t o r s  i n c l u d i n g  i n s u l a t i o n  i n  c i r c u l a r  m i l s .  
= c r o s s  s e c t i o n a l  r a d i u s  t o  t h e  j t h  l a y e r  of t u r n s .  
= i n s u l a t i o n  t h i c k n e s s  i n  m i l s .  

P 

a 
j 
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The l e n g t h  of t h e  p r i m a r y  c o n d u c t o r  may b e  c o n s i d e r e d  
as t h e  sum of t h e  l e n g t h s  of e a c h  l a y e r  of p r i m a r y  t u r n s  and 
t h e  l e n g t h  i n  any one l a y e r  i s  e q u a l  t o  t h e  number of t u r n s  
m u l t i p l i e d  by t h e  l e n g t h  of one t u r n .  The t o t a l  l e n g t h  of 
a s i n g l e  t u r n  i n  t h e  k t h  l a y e r  i s  g i v e n  by  

g t  = 2Tf (ak + dwp/2) ( A - 3 )  

where 

= a + k (dw +6)  -dw ( A - 4 )  ak P P 
T h e r e f o r e ,  

9, 2T ( a  + k (dw +d) -dap/2) (A-5) 

f k  = N , ( Z f l )  ( a  + d w  ( k  - 1 / 2 )  + k 6 )  

P 

Hence, t h e  l e n g t h  o f  t h e  k th  l a y e r  o f '  c o n d u c t o r  i s  g i v e n  by:  

P 
T h e r e f o r e ,  t h e  t o t a l  l e n g t h  of p r i m a r y  c o n d u c t o r  i s  e x p r e s s e d  
by: 

= 2 3  ( a  + dw (k - 1/2)  + k 6 )  ( A - 6 )  P 

(A-7) 

n n 

k = l  k =1  
1, =Ep J k  = 2 - l f ~ ~  N k  (a + dw (k - 1 / 2 )  + k d )  ( A - 8 )  

P 

where n p  i s  t h e  t o t a l  number o f  p r i m a r y  l a y e r s .  
t h e  p r imary  c o n d u c t o r  i s  e x p r e s s e d  as :  

The  area of 

* 1 / 2  - 28*)' K 
(* P P 

A =  
P 04-91 

where 

K = (2.54)' (.25)(.rl) (10''') ( c o n v e r s i o n  f a c t o r  from c i r c u l a r  
m i l s  t o  sq, meters) (A-10) 

Combining t h e s e  r e s u l t s  y i e l d s  t h e  f o l l o w i n g  fo rmula  

(A-11) 

Secondary R e s i s t a n c e  R 2 :  
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The c a l c u l a t i o n  of R proceeds  i n  e x a c t l y  t h e  same manner 
e x c e p t  p r o v i s i o n  must be ma 2 e f o r  t h e  a d d i t i o n a l  l e n g t h  of con-  
d u c t o r  due t o  t h e  p r e s e n c e  of t h e  p r i m a r y  winding.  
p r e s s i o n  f o r  t h e  l e n g t h  p e r  t u r n  of t h e  i t h  l a y e r  o f  s e c o n d a r y  
t u r n s  is: 

The e x -  

where 
ai = a + n CdW + 6 ) + d w s  (i - 1 /2 )  + id ( A -  13) 

P P  
Theref  o r e  , 

and t h e  t o t a l  l e n g t h  of  c o n d u c t o r  i n  t h e  ith l a y e r  is: 
11 
The area i s  g i v e n  by: 

Its = 2lf[a + n (ddp +6) + dws (i - 1 / 2 )  + i d ]  (A-14) 
P 

~ +6] + dws (i - 1 / 2 )  + i d ]  . 
P '&P = Z U N ~  [ a  + n i 

As = [(A*,)'/* - 28*,]' K 

~ 

T h e r e f o r e  , 
(A- 15) 

where n s  i s  t h e  number o f  s econdary  l a y e r s  and t h e  t o t a l  l e n g t h  
b e i n g  t h e  sum o f  t h e  l e n g t h s  o f  t h e  l a y e r s .  

P r imary  C a p a c i t a n c e  C,: 

The c a l c u l a t i o n  must b e  s p l i t  i n t o  two cases. Case 1 
i s  t h e  o c c u r r e n c e  o f  a s i n g l e  l a y e r  o f  p r i m a r y  t u r n s .  
d e a l s  w i t h  t h e  u s e  of two o r  more l a y e r s  of  p r i m a r y  t u r n s .  

Case 2 

Case 1: I 
As n o t e d  i n  t h e  d i s c u s s i o n  of t h e  model, t h e  v a l u e  of 

The t u r n  t o  t u r n  c a p a c i t a n c e  i s  
C o  f o r  t h i s  case i s  t h e  v a l u e  of  t h e  t u r n  t o  t u r n  c a p a c i t a n c e ,  
d i v i d e d  by  number o f  t u r n s .  
g i v e n  by t h e  f o l l o w i n g  fo rmula :  

( A -  17) 
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where k = 0.6 .  

T h e  e m p i r i c a l  f a c t o r  of 0.6 a r i s e s  from t h e  f a c t  t h a t  
t h e  windings are f a b r i c a t e d  i n  such  a manner a s  t o  a l l o w  ad -  
j a c e n t  t u r n s  t o  c o n t a c t  a l o n g  t h e  i n n e r  c i r c u m f e r e n c e  of  t h e  
t o r o i d  and t h e n  d i v e r g e  t o  t h e  o u t e r  c i r c u m f e r e n c e .  The 
d ive rgence  between t u r n s  i s  assumed t o  be symmet r i ca l  around. 
t h e  l a y e r .  

T h e r e f o r e ,  t h e  v a l u e  o f  C o  f o r  Case 1 i s :  

Case 2 :  

(A-18) 

We have p r e v i o u s l y  d e t e r m i n e d  t h a t  t h e  v a l u e  of  Co f o r  
t h i s  c a s e  i s  g iven  by t h e  s e r i e s  sum o f  t h e  i n t e r l a y e r  c a p a c i -  
t a n c e s  p l u s  t h e  t u r n  t o  t u r n  C a p a c i t a n c e  d i v i d e d  by t h e  number 
of t u r n s  p e r  l a y e r .  I n  p r a c t i c e ,  t h e  c o n t r i b u t i o n  o f  t h e  t u r n  
t o  t u r n  c a p a c i t a n c e  i s  n e 2 l i g i b l e  and t h e  v a l u e  o f  C o  becomes 
t h e  s e r i e s  sum o f  t h e  i n t e r l a y e r  c a p a c i t a n c e s .  The v a l u e  o f  
t h e  j t h  i n t e r l a y e r  c a p a c i t a n c e  i s  g i v e n  by t h e  f o l l o w i n g  form- 
u l a .  

E, 4 2  r a ,  
A - - J 

6 + 2tsp 
(A-19) 

where 

T h e r e f o r e ,  

a = a + j (du ,  +d) j P 
( A - 2 0 )  

2 - - Ei 4fT r [ a  + j (dw +6)] 

= + 2 6  
P 

(A-21) 

w h e r e t i  i s  t h e  p e r m i t t i v i t y  of  t h e  d i e l e c t r i c s  o f  6 and 
Sp w h i c h ,  u s u a l l y ,  a r e  v e r y  n e a r l y  t h e  same, 

g iven  by: 
From t h e  above c a l c u l a t i o n s ,  i t  f o l l o w s  t h a t  Co i s  

( A - 2 2 )  
n =i c+ 2JP 

Ei 4V2 r [ a  + j (dwp +d) l  
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The Secondary  C a p a c i t a n c e  C2: 

The same fo rmula  hoLds f o r  C2 , w i t h  t h e  v a l u e  of a i  
b e i n g  g i v e n  by: 

Case 1: 

= a + n d w  + (nr, + 116 
ai P P  

T h e r e f o r e ,  
k gi [ ( a  + n d + ( n p  + 1 1 6 )  dusl - P P  

c2 - - 
Ns *% 

Case 2:  

( A - 2 3 )  

( A - 2 4  

( A - 2 5 )  

T h e r e f o r e ,  

( A - 2 6 )  
c2  {$=I 6+ 2SS 

= 1 4qzLi  r [a  + n (dwp +a) + i ( d u s  +S)l  P 

The I n t e r c o u p l i n g  C a p a c i t a n c e  C1: 

The v a l u e  o f  t h i s  c a p a c i t a n c e  i s  e q u a l  t o  t h e  v a l u e  of 
t h e  i n t e r l a y e r  c a p a c i t a n c e  between t h e  l a s t  p r imary  l a y e r  and 
t h e  f i r s t  s econda ry  l a y e r  d i v i d e d  by two. T h i s  d i s t r i b u t e s  
t h e  c o u p l i n g  c a p a c i t a n c e  s y m m e t r i c a l l y  between t h e  end p o i n t s  
of t h e  p r i m a r y  and secondary  windings .  

Zrr2 €i r [a  + np (dwp + 6 ) 1  

6 + 

- 
- 

(A-27) 

C a l c u l a t i o n  of t h e  Pr imary  and Secondary I n d u c t a n c e  

m u l t i l a y e r  t o r o i d a l  winding  have been  e x p e r i m e n t a l l y  t e s t e d .  
A l l  of  t h e s e  methods were based  on t h e  s t r a i g h t  fo rward  ca l -  
c u l a t i o n  of  t h e  i n d u c t a n c e  of a s i n g l e  l a y e r  of t o r o i d a l  
windings .  The approach  g i v e n  below h a s  been  found t o  be t h e  
most  c o n s i s t e n t  w i t h  e x p e r i m e n t a l  r e s u l t s  . 
by t h i s  f o r m u l a t i o n  u n d e r e s t i m a t e  t h e  a e a s u r e d  v a l u e  o f  i n -  
d u c t a n c e  by about  f i v e  p e r c e n t .  

27 

S e v e r a l  methods of c a l c u l a t i n g  t h e  i n d u c t a n c e  o f  a 

C a l c u l a t i o n s  made 



The f l u x  c r e a t e d  by a s i n g l e  l a y e r  of t u r n s  on a t o r o i d  
of r a d i u s  r, and a n e t  c r o s s  s e c t i o n a l  r a d i u s  a may b e  e x -  
p r e s s e d  as :  j 

2 )  1 /2 ]  4j =yo N~ I [ r  - ( r2  - a 
j 

( A - 2 8 )  

There fo re  t h e  t o t a l  f l u x  produced  by n l a y e r s  of wind'ings i s  
g i v e n  by t h e  f o l l o w i n g  summation, 

( A - 2 9 )  

Now t h e  assumpt ion  i s  made t h a t  a l l  t h e  f l u x  c r e a t e d  by t h e  
combined l a y e r s  l i n k s  a l l  t h e  t u r n s .  D e f i n i n g  i n d u c t a n c e  as 
t h e  t o t a l  number of  f l u x  l i n k a g e s  d i v i d e d  by t h e  c u r r e n t ,  t h e  
f o l l o w i n g  r e ' s u l t  o b t a i n s :  

( A -  30) 

T h i s  r e s u l t  immedia t e ly  i m p l i e s  t h e  f o l l o w i n g  r e l a t i o n s  f o r  L1 
and L2, 

(A-31) 

( A - 3 2 )  

where p r e v i o u s  d e f i n i t i o n s  of a f o r  t h e  p r i m a r y  and s e c o n d a r y  
l a y e r s  a r e  u s e d  h e r e .  j 

C a l c u l a t i o n  o f  M ,  t h e  Mutual I n d u c t a n c e :  

i n g  assumpt ions .  
The c a l c u l a t i o n  of  t h e  v a l u e  of  bl i s  b a s e d  on t h e  f o l l o w -  

(1)  The c o u p l i n g  i s  s y m m e t r i c a l  be tween t h e  two wind- 

( 2 )  A l l  t h e  f l u x  c r e a t e d  by a c u r r e n t  i n  t h e  p r i m a r y  

Assumption (1 )  i s  s u s c e p t i b l e  t o  a r i g o r o u s  p roof  and 

i n g s .  

winding l i n k s  a l l  t h e  t u r n s  o f  t h e  s e c o n d a r y .  

assumpt ion  ( 2 )  has  been found t o  y i e l d  good agreement  w i t h  



experiment.  IJsing these  assumptions, w e  obta in  the fo l low-  
ing  result.  

I @ 2 1  = f l u x  e x i s t i n g  i n  the  secondary due t o  primary current.  

eZl = Flux l inkages  of secondary 

@*1 =gs 1=1 N . 4 2 1  1 

Hence : 

1 
M =  1 

n 
%p N j  J = 1  

P4 = (Turns Ratio)  L1 

( A -  34)  

[ A - 3 5 )  

( A -  36)  

( A - 3 7 )  
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Appendix B 

LAPLACE ANALYSIS OF TIJE MODEL 

i n g  
equa  

Using t h e  c o n v e n t i o n s  shown i n  F i g u r e  B - 1  and assum- 
z e r o  i n i t i a l  c o n d i t i o n s  i n  a l l  cases, t h e  f o l l o w i n g  
t i o n s  d e s c r i b e  t h e  b e h a v i o r  of t h e  model. An a b b r e -  

v i a t e d  n o t a t i o n  f o r  e a c h  e q u a t i o n  i s  a l s o  g i v e n  f o r  con-  
v e n i e n c e  i n  l a t e r  m a n i 2 u l a t i o n s .  "s" i s  t h e  Laplace  Trans -  
form complex f r equency .  

F i g u r e  B - 1 :  The Proposed Trans fo rmer  w i t h  R e s i s t i v e  
Loadiny . 

Loop 1: 

( R - l a )  

(€3-lh) 

Loop 3;  

0 = (~1-L1)SI*(S)+[L1 + L2-2?4)s+ s - l ]  I 3 ( s ) + ( V - L Z ) s l 4 ( s )  (B-3a) 
-E- 

O 



, 

Loop 4 :  

" 5 c s )  s - l  (B-4a) 0 = -Ms 12(s )+ (P1-L2)s  1 3 ( s ) + ( L Z s + R 2 +  s ')I,(s) - 
5- T- 

Loop 5 :  

Using t h e  a b b r e v i a t e d  n o t a t i o n  g i v e n  above ,  t h e  f o l l o w i n g  
sys tem d e t e r m i n a n t  may be w r i t t e n  . 

A =  

0 0 0 

0 

0 

11 a 1 2  
a 

a2 1 a 2 2  a 2 3  a2 4 

34 0 

0 

0 0 0 

a a3  2 a33  

a42 a 4 3  a 4 4  a45 

" 5  4 

A p p l i c a t i o n  of s t a n d a r d  d e t e r m i n a n t  t h e o r y  y i e  I d s  t h e  f o l l o w -  
i n g  va lue  f o r  A . 

(R-7) 



(B-SC)  + C1 (R1 + R 2 )  (L1  L2  - F.l 2 ) 

flz = ZL R1 C1 (L1 + Lz  - 2M) + 2ZL Cz ( L 2  R 1  + R 2  L 1 )  

(B-8d) + 2 ( L 1  Lz - M 2 ) + R 1  R 2  C1 ( L 1  + L2 - ZM) 

p1 = 2 ZL Cz CR1 R 2  + L1/Cz) + 2(R1 L 2  + R 2  L1) (B-8e) 

po = ZR1 ( Z L  + R z )  (B-8f )  

~ 

Note t h a t  ZL i s  assumed t o  be p u r e l y  r e s i s t i v e .  

D e t e r m i n a t i o n  of t h e  I n p u t  Impedance 

i n p u t  v o l t a g e ,  V ( s )  , t o  t h e  i n p u t  c u r r e n t ,  I1(s). 

i . e .  

The i n p u t  impedance i s  d e f i n e d  t o  be  t h e  r a t i o  of t h e  

Zin = ;* 

The s o l u t i o n  
f o r  Al. 

0 0 0 

0 

0 

V ( S )  a12  

a 2 2  a 23 a 2 4  0 

0 a 

0 a 

0 0 0 

32 a33 a3 4 

42 a43 a44 a45 

as 4 5 

of t h i s  d e t e r m i n a n t  y i e l d s  t h e  f o l l o k  

(B-10) 

( B - 1 1 )  

ring e q u a t i o n  

A l  = V ( s )  (A, s 5 +x4 s 4 + A 3  s3  +x2s2J1 s + A o )  ( B - 1 2 )  

A6 

where : 
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h, = s 3  co c1 c2  ( B - 1 3 a )  

(B-13b) 
h, = Co C 1  C 2  ZL ( R 1  + R 2 )  (L1 L 2  - 1.4 2 ) 

x4  = Z J , ( C l  c2  + 2Co c2  + c1 C0) ( L I L 2  - F' 2 ) + Z L  co c1 c2  

R1 R 2  ( L 1  + L 2  - 2hl) + C1 C o  ( R 1  + R2)(Ll  L 2  - ?I 2 ) ( B - 1 3 ~ )  

h3 = C1 Z L ( C 2 R 2  + C o R 1 ) ( L 1  + L 2  - 2'1) + 2 Z l ,  CoC2 ( R 1 L 2  + 

R 2 L 1 )  + [ C  + 2 C o )  ( L l  L 2  - V 2 )  + R I R Z C I C o  ( J J 1  + 1 

L 2  - nl) (B-13d)  

+ R 2  C1 ( L l  + JA2 - 2") + 2 C o  (R1 L2 + R 2  J t l )  (B-13e) 

x1 = 2 Z L  ( R  2 C2 + R1 C o )  + 2 ( C o  R 1  R 2  + I ,*)  

Xo = 2(ZL + R z )  

(13 - 13 f )  

( B -  13g)  
T h e r e f o r e :  

(K-14a) 

The s u b s t i t u t i o n  s = jo 
t h e  following r e s u l t .  

i s  made and r a t i o n a l i z a t i o n  y i e l d s  

( B - 1 k )  p2  p 3  - p 4  
+ j  

p3  + p 4  Z i n  ( jW = 
? + P 4 Z  p32 + p42 3 
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= 0, + j Q2 

A+) = 

where 

a 11 a12 0 0 VCS)  

(R-20)  0 

0 

0 
0 

a2 1 a2 2 a23 '24 
0 

0 
0 0 0 

a32 a33 a34 

a4  2 a43 a4  4 
4 

P4 =x5w 5 - a3w3 + + 
T h e r e f o r e ,  w e  have t h e  magni tude  of Zin a s ;  

and t h e  phase a n g l e  of Zin as:  

(B-14d) 

(B-15a) 

(B-1Sb) 

( B -  1 5 ~ )  

( B -  15d) 

(B-16) 

(B-17) 

D e t e r m i n a t i o n  o f  t h e  Vo l t age  T r a n s f e r  Func t ion :  

v o l t a g e  t o  t h e  i n p u t  v o l t a g e ,  w e  have t h e  f o l l o w i n g  r e s u l t s .  
D e f i n i n g  t h e  t r a n s f e r  f u n c t i o n  as t h e  r a t i o  o f  t h e  l o a d  

(B-18) 

( B -  19) 

where 
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S o l u t i o n  of  t h e  above d e t e r m i n a n t  y i e l d s :  

A,(s) = V(s) 
5- 

T3 s 3 + T1 s 

Defin ing:  

( B - 2 1 )  

T 4  = s3 Co Cl C2 

T1 = 2M 

Hence, we have  : 3 T3 s + T I  s 

There fo re :  

These r e s u l t s  y i e l d  t h e  f o l l o w i n g  r e s u l t  f o r  G ( s )  

(B-22a) 

(B-22b) 

(R-22c) 

(B-23) 

( B - 2 4 )  

(B-25)  

S u b s t i t u t i o n  of s = j w  and r a t i o n a l i z a t i o n  y i e l d s  t h e  f o l -  
lowing e q u a t i o n s :  

where : 

S I  = ZLTIW - ZLT3W3 

Reducing e q .  (B-26) w e  o b t a i n :  

(R-26)  

(B-27) 



(B-28a) 

D e t e r m i n a t i o n  of t h e  e f f i c i e n c y :  

Using t h e  s t a n d a r d  d e f i n i t i o n  of e f f i c i e n c y ,  and t h e  
r e l a t i o n s  between t h e  q u a n t i t i e s  d e r i v e d  above ,  t h e  f o l l o w -  
i n g  r e s u l t s  are o b t a i n e d .  

The re f o r e  : 

E =  

However : 

T h e r e f o r e :  
E =  I Zinl 

D e t e r m i n a t i o n  of t h e  Resonant  F r e q u e n c i e s  

(B-29)  

(B-30) 

(B-31) 

(B-32)  

(B-33)  

(B-34) 

The r e s o n a n t  f r e q u e n c i e s  a r e  d e t e r m i n e d  by e q u a t i n g  
t h e  imag ina ry  p a r t  o f  Z .  ( jw) t o  z e r o  and s o l v i n g  t h e  re-  
s u l t i n g  po lynomia l  f o r  i ? ~  r o o t s .  

'2'3 e '1'4 I,,, C Z ( j w ) l  = 
PsZ + PqZ 
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T h e r e f o r e ,  we need  c o n s i d e r  o n l y  t h e  e x p r e s s i o n  

P 2 P 3  - P1P4 = 0 

Using t h e  d e f i n i t i o n s  of t h e  P ' s  g i v e n  p r e v i o u s l y ,  w e  o b t a i n ,  
a f t e r  some m a n i p u l a t i o n :  

C l e a r l y ,  t h i s  e q u a t i o n  c o n t a i n s  o n l y  t h e  even  powers 
of w , and a c o n s t a n t .  The z e r o  v a l u e d  c o e f f i c i e n t s  are 
d e f i n e d  f o r  u s e . i n  t h e  computer s o l u t i o n  of  t h e  e q u a t i o n .  

I n  g e n e r a l ,  t h e  e q u a t i o n  g i v e n  above must be  s c a l e d  t o  
a v o i d  e x c e e d i n g  t h e  l imits  of  number s i z e  w i t h i n  t h e  com- 
p u t e r .  
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Appendix C 

P A R T I A L  DERIVATIVES OF THE IVPORTANT C I R C U I T  FIJNCTIONS 

WITH RESPECT TO THE C I R C U I T  PARAMETERS 

I n  o r d e r  t o  p a r t i a l l y  adap t  t h e  model a n a l y s i s  f o r  d e -  
s i g n  work, i t  i s  d e s i r a b l e  t o  have i n f o r m a t i o n  c o n c e r n i n g  t h e  
r a t e s  of change of t h e  c r i t i c a l  f u n c t i o n s  w i t h  r e s p e c t  t o  t h e  
i n d i v i d u a l  p a r a m e t e r s  of t h e  e q u i v a l e n t  c i r c u i t .  To f a c i l i -  
t a t e  t h e  d e r i v a t i o n  of t h e s e  r e l a t i o n s ,  t h e  f o l l o w i n g  d e f i n i -  
t i o n s  are made. 

0 
e l  = C 

e2 = R1 

e3 = L1 

e 4  = M 

( C - l a )  

(C- lb )  

( C - l c )  

(C-.ld) 

e5 = C1 (C- le)  

e6 = L 2  ( C - l f )  

e, = R 2  (C-lg)  

eg  = C2 (C- l h )  

e9 = Z L  (C- lk) 

Rates of  Change of Z;-: 

D i f f e r e n t i a t i n g  e q u a t i o n  ( B - 1 6 ) ,  we o b t a i n :  

d e f e r r i n g  t o  e q s .  (B-14c) and (B- l4d ) ,  i t  f o l l o w s  t h a t  
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A l s o :  

and 

( C - 4 )  

( C - 7 )  

( C - 8 )  

( C - 9 )  

(C- lo) 
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(C-11) 
aQ2 aQi 
a p4 a p3 
- - - -  

From eqs. (B-15a) - (B-15d) the  fo l lowing may b e  obtained: 

aQj 

(C- 12) 

(C-13) 

( C - 1 4 )  

I 
I Combining the results of eqs. (C- la) - (C-15) ,  the  r a t e s  of 

change of t h e  magnitude o f  t h e  input impedance are:  
~ 

+ -  
F 

. -  - - .. 
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(C- 16) 

Rates of Change of 

D i f f e r e n t i a t i n g  eq .  (B-28a) g i v e s :  

I G,,l : 

(C- 17) 
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From eq. ( B - 2 6 ) ,  we obtain:  

3 Qj as, aQj aP\ aPz aej 
D i f f e r e n t i a t i o n  of  eq. ( B - 2 7 )  y i e l d s :  

- 4  

A l s o ,  from eq. ( B - 2 6 ) ,  i t  ?allows: 

T"+Pe'L 

(C-18) 

(C- 19) 

(C-20) 

(C-21) 

(C-23) 

( C - 2 4 )  



(C- 25) 

We now combine t h e  r e s u l t s  of cqs. ( C - 1 7 ) - ( C - 2 5 )  w i t h  eqs. 
(C-12) and (C-15) and o b t a i n  t h e  f o l l o w i n g :  

(C-26) 



Rates of Change of Cy (Zin) : 

From equation ( B -  17) w e  see t h a t ;  

Hence : 

1 alJ 

From equat ion (C-26) 

L i  = 1$,3,4) 

, i t  f o l l o w s  that :  

(C-27) 

(C-28) 

(C-29) 

(C- 30) 

(C-31) 

(C-32) 
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T h e r e f o r e ,  combining e q u a t i o n s  (C-28)-(C-31), w i t h  e q s .  (C-12) - 
(C-15), and (C-27), we have  f o r  t h e  r a t e s  o f  change o f  
C y ( Z i , )  : 

aaj  

I 

- J 

( C - 3 3 )  

Rates o f  Change of t h e  E f f i c i e n c y :  

F i n a l l y ,  w e  compute t h e  ra tes  o f  change of  t h e  e f f i -  
c i e n c y  by  d i f f e r e n t i a t i n g  eq .  ( B - 3 4 )  . 

( C - 3 4 )  
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Since a l l  the d e r i v a t i v e s  on the  r i g h t  hand s i d e  of 
equation (C-35) have been defined except  a z L  , (which equals  

zero i f  j # 9 and equal 1 i f  j = 91, the  rates o f  change of E 
are computed as  a direct function of t h e  changes o f  the  other  
cr i t i ca l  funct ions .  

aej 
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Appendix D 

ANALYTICAL APPROXIk?ATION OF THE E X T E R N A L  YAGNETIC F I E L D  

I n  o r d e r  t o  o b t a i n  an  a n a l y t i c a l  estimate o f  t h e  magni- 
t u d e  o f  t h e  l e a k a g e  f i e l d  of t h e  d i s t r i b u t e d  winding  t r a n s -  
f o r m e r ,  t h e  f o l l o w i n g  assumpt ions  are made, 

The s t r a y  m a g n e t i c  f i e l d  of t h e  t r a n s f o r m e r  may 
h e  approximated  by t h e  m a g n e t i c  f i e l d  of a 
c i r c u l a r  c u r r e n t  f i l a m e n t  h a v i n g  a r a d i u s  t o  t h e  
o u t e r  r a d i u s  of  t h e  t r a n s f o r n e r ,  and c a r r y i n g  a 
c u r r e n t  e q u a l  t o  t h e  v a l u e  of t h e  c u r r e n t  f l ow-  
i n g  i n  t h e  ou te rmos t  l a y e r  of t u r n s  on t h e  t r a n s -  
fo rmer .  

C a l c u l a t i o n  of t h e  a x i a l  component of m a g n e t i c  
f i e l d  i n t e n s i t y  w i l l  s u f f i c e  f o r  o r d e r  o f  magni- 
t u d e  p u r p o s e s  s i n c e  t h e  t o t a l  m a g n e t i c  f i e l d  
i n t e n s i t y  r e d u c e s  t o  t h e  a x i a l  component bo th  
a l o n g  t h e  a x i s  and i n  t h e  p l a n e  of t h e  c u r r e n t  
f i lament  . 
The s t a t i c  (D.C.) f i e l d  d i s t r i b u t i o n  w i l l  b e  t h e  
same as t h e  dynamic (A.C.) f i e l d  d i s t r i b u t i o n .  
( T h i s  i s  i n  a c c o r d  wi th  t h e  model t h a t  h a s  been 
p o s t u l a t e d ,  b u t  n o t  v a l i d  n e a r  r e s o n a n c e , )  

Using t h e  c o n f i g u r a t i o n  shown i n  F i g u r e  0-1,  i t  i s  a 
r e l a t i v e 1  s i m p l e  matter t o  c a l c u l a t e  t h e  m a g n e t i c  f i e l d  a l o n g  
t h e  ax i s ,ywhich  i s  g i v e n  by: 

3 

F i g u r e  D - 1  
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A g e n e r a l  s o l u t i o n  f o r  H Z  anywhere i n  t h e  r e g i o n  may be 
found  i n  t h e  f o l l o w i n g  way, 

H s a t i s f i e s  L a p l a c e ' s  e q u a t i o n  i n  c y l i n d r i c a l  Z 
c o o r d i n a t e s  ( i .e .  V 2 H Z  = 0) 1 , 2  

A s o l u t i o n  of  L a p l a c e ' s  e q u a t i o n  f o r  an a r b i t r a r y  
f u n c t i o n  & i s  g i v e n  by 1: 

where r and 0 are u s u a l  s p h e r i c a l  c o o r d i n a t e s  and 
t h e  Cm a re  c o n s t a n t s .  Pm ( c o s  0 ) are  t h e  Legendre 
po lynomia l s  of o r d e r  m .  

Fu r the rmore ,  i f  6 i s  known a l o n g  a n  a x i s  of 
symmetry, t h e n  t h e  s o l u t i o n  f o r  6 i n  t h e  r e g i o n  
may be o b t a i n e d  by expand ing  @ i n  a power se r ies  
and e x t r a p o l a t i n g  t o  t h e  g e n e r a l  s o l u t i o n  of 
Lap1ace:s e q u a t i o n .  i , e ,  If  t h e  f o l l o w i n g  con- 
v e r g e n t  series e x i s t s ,  

t h e n  t h e  g e n e r a l  s o l u t i o n  f o r  q5 anywhere i n  t h e  
r e g i o n  i s  g i v e n  by: 

C l e a r l y ,  eq .  D-3 r e d u c e s  t o  eq .  D-2 a l o n g  t h e  a x i s  where 8 = O ,  

s i n c e  Pm(1)  = 1 f o r  a l l  m, T h e r e f o r e ,  by t h e  u n i q u e n e s s  theo rem,  
6 i s  the s o l u t i o n  f o r  t h e  e n t i r e  r e g i o n .  

Equa t ion  D - 1  may be  r e w r i t t e n  as f o l l o w s :  

Now c o n s i d e r  t h e  b i n o m i a l  e x p a n s i o n :  



This series i s  convergent f o r  0 5  l U l 4  1 
I t  f o l l o w s  t h a t  ( 0 - 4 )  may b e  expressed a s :  

(D-5 a) 

(D-5b) 

Using t h e  fo l lowing  d e f i n i t i o n s ,  (DSb ) may b e  g iven  t h e  re- 
quired form (1)  m = 2n + 2 

( 3 )  

Thus : 

Cm = 0 f o r  m = 0 , 1 , 3 , 5 , 7 ,  - - - - - - - - - - 

m= o 
l*=0 ( D - 5 C )  

From the  previous  d i s c u s s i o n ,  we may immediately conclude 
t h a t :  



T h i s  se r ies  converges  v e r y  r a p i d l y  and f o r  a f i r s t  
o r d e r  approx ima t ion  t o  ’its v a l u e ,  the f i r s t  f o u r  non-ze ro  
terms a r e  used .  i .e,  

(D-6a) 
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Appendix E 

SQIJARE WAVE OSCI LLATOR 

T h i s  appendix  d e s c r i b e s  a h igh  e f f i c i e n c y  s q u a r e  wave 
o s c i l l a t o r  t h a t  h a s  been  deve loped  t o  s e r v e  as t h e  d r i v e r  s t a g e  
f o r  non-magnet ic  c o n v e r t e r s  . 

The s c h e m a t i c  d iagram i n  F igure  E - 1  shows t h e  bas i c  c i r -  
c u i t  f o r  t h e  o s c i l l a t o r .  E s s e n t i a l l y ,  i t  i s  a b r i d g e  c i r c u i t  
w i t h  a t r a n s i s t o r  i n  each  arm. The b a s e  of e a c h  t r a n s i s t o r  
i s  c o n n e c t e d  t o  a p a r a l l e l  r e s i s t o r - c a p a c i t o r  combina t ion  and 
t h i s  combina t ion  i s  connec ted  t o  t h e  c o l l e c t o r  of t h e  t r a n s -  
i s t o r  d i a g o n a l l y  o p p o s i t e  t o  it i n  t h e  b r i d g e .  The i n p u t  i s  
a p p l i e d  t o  t h e  b r i d g e  by  g round ing  p o i n t  ( 2 )  and p l a c i n g  t h e  
p o s i t i v e  i n p u t  t e r m i n a l  a t  p o i n t  ( 1 ) .  The load  i s  connec ted  
between p o i n t s  (3)  and ( 4 )  . 

The f o l l o w i n g  d i s c u s s i o n  d e m o n s t r a t e s  t h a t  t h i s  c i r c u i t  
w i l l  p roduce  a s q u a r e  wave o s c i l l a t i o n  a c r o s s  t h e  load  RL t h a t  
is  e q u a l  i n  peak t o  peak v a l u e  t o  twice t h e  magni tude  of t h e  
a p p l i e d  i n p u t  v o l t a g e .  ( N e g l e c t i n g  a l l  s a t u r a t e d  t r a n s i s t o r  
d rops . )  C l e a r l y ,  t h i s  n e c e s s i t a t e s  a c o n d u c t i n g  sequence  of 
t r a n s i s t o r s  A and B a l t e r n a t e d  w i t h  t r a n s i s t o r s  A 1  and B l .  

To b e g i n ,  assume t h a t  t r a n s i s t o r s  A and B are f u l l y  on and 
t r a n s i s t o r s  A 1  and B l  are comple t e ly  o f f .  I f  we a g a i n  n e g l e c t  
t h e  s a t u r a t e d  t r a n s i s t o r  d r o p s ,  w e  f i n d  t h a t  t h e  load  c u r r e n t  
i s  e q u a l  t o  t h e  c o l l e c t o r  c u r r e n t  of t r a n s i s t o r s  A and B and 
i s  d e t e r m i n e d  by t h e  i n p u t  v o l t a g e  d i v i d e d  by t h e  l o a d  res i s t -  
ance .  Assume a c o n s t a n t  i n p u t  v o l t a g e  and a f i x e d  v a l u e  of 
l o a d  r e s i s t a n c e ,  t h i s  f i x e s  t h e  load  c u r r e n t  a t  a v a l u e  I1. 
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Figure E-1: Basic  Oscil1a.tor Circu i t  
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'b6 

'b5 

Ib4  

'b3 

Ib2  

' b l  

C o l l e c t o r -  E m i t t e r  Vo l t age  

F i g u r e  E-2:  T r a n s i s t o r  C o l l e c t o r  Curves 

Now refer t o  t h e  f a m i l y  of  c o l l e c t o r  c u r v e s  f o r  a 
t r a n s i s t o r  as shown i n  Fig.  E - 2 .  The v a l u e  o f  c o l l e c t o r  
c u r r e n t  11 i s  shown i n  t h e  f i g u r e .  N O W ,  c o n s i d e r  t h e  b a s e  
c u r r e n t  i n  t h e  t r a n s i s t o r s  A and B a t  t h e  i n s t a n t  t h e y  become 
f u l l y  on. S i n c e  t h e  c a p a c i t o r  v o l t a g e  i n  t h e  b a s e  c i r c u i t s  
of A and B c a n n o t  change i n s t a n t a n e o u s l y ,  t h e  i n i t i a l  b a s e  
c u r r e n t  i n  t r a n s i s t o r  A w i l l  be g i v e n  by: 

( E -  1) 

where Vin is  t h e  i n p u t  v o l t a g e ,  V c i ( A )  i s  t h e  i n i t i a l  v o l t a g e  
a c r o s s  t h e  c a p a c i t o r  i n  t h e  b a s e  o f  t r a n s i s t o r  A ,  and Vbs i s  
t h e  s a t u r a t e d  v o l t a g e  d r o p  a c r o s s  t r a n s i s t o r  B.  Rbe(A) is  
t h e  b a s e - e m i t t e r  r e s i s t a n c e  o f  t r a n s i s t o r  .4. 

S i m i l a r l y ,  t h e  i n i t i a l  base  c u r r e n t  i n  t r a n s i s t o r  B 
w i l l  b e  g i v e n  by: 
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where t h e  q u a n t i t i e s  V i n ,  Va s ,  - Vci(B) , a r e  d e f i n e d  as above ,  
w i th  t h e  symbols A and B i n t e r c h a n g e d .  ( V a s  and V h s  << Vin). 

Note t h a t  t h e  d e s i g n  must be s u c h  t h a t  t h e s e  i n i t i a l  
v a l u e s  o f  base  c u r r e n t s  are  s u f f i c i e n t  t o  m a i n t a i n  t r a n s i s t o r s  
A and B i n  t h e i r  s a t u r a t e d  s t a t e  w h i l e  t h e y  a re  d e l i v e r i n g  a 
c o l l e c t o r  c u r r e n t  I1. 
i n  F i g 6  E - 2 . )  

( i . e . ,  I b i  ( A )  and i b i ( ~ )  > I b 4  shown 

F 
2 
J 
d 
a 
3 

W 
d 

dl 
t 

F i g u r e  E - 3 :  Base c u r r e n t  i n  Conduct ing  T r a n s i s t o r s  

The b a s e  c u r r e n t s  i n  A and B w i l l  d ecay  e x p o n e n t i a l l y  
as  shown i n  F i g u r e  E - 3  as t h e  c a p a c i t o r s  i n  t h e  b a s e  c i r c u i t s  
o f  A and €3 b e g i n  t o  c h a r g e  t h r o u g h  t h e i r  r e s p e c t i v e  b a s e -  
emi t t e r  r e s i s t a n c e s .  

The time c o n s t a n t  of t h i s  e x p o n e n t i a l  w i l l  be  de t e rmined  
by t h e  v a l u e  of  C 1  and t h e  r e s p e c t i v e  b a s e - e m m i t t e r  res is t -  
a n c e s  (where R l > > R b e ) *  As t h e  b a s e  c u r r e n t s  d e c a y ,  t h e y  w i l l  
approach t h e  v a l u e  I b 3  shown i n  F i g u r e  E - 2  and t h e  t r a n s i s t o r s  
A and B w i l l  s t a r t  t o  move o u t  o f  s a t u r a t i o n ,  c a u s i n g  t h e  V,e 



* 

of  b o t h  t r a n s i s t o r  A and t r a n s i s t o r  3 t o  r i s e  s h a r p l y .  
r i n g  t o  F i g u r e  E - 1 ,  i t  is  c l ea r  t h a t  t h e  i n c r e a s e d  d r o p s  
a c r o s s  A and B w i l l  be a p p l i e d  as a forward  b i a s  t o  t h e  b a s e -  
emit ter  j u n c t i o n s  of A 1  and B l  r e s p e c t i v e l y ,  moving them from 
t h e i r  o f f  s t a t e s  towards  t h e i r  s a t u r a t e d  r e g i o n s .  T h i s  re- 
duced t h e  d r o p s  a c r o s s  A 1  and B l  which,  from F i g u r e  E - 1 ,  r e d u c e s  
t h e  fo rward  b i a s  a p p l i e d  t o  t h e  base-emitter j u n c t i o n s  o f  A 
and B r e s p e c t i v e l y ,  Consequent ly ,  t h e  b a s e  d r i v e s  i n  t r a n s -  
i s t o r s  A and B are a g a i n  dec reased  push ing  t h e m  s t i l l  f a r t h e r  
o u t  of s a t u r a t i o n  and i n c r e a s i n g  t h e  d r o p  a c r o s s  them. From 
F i g u r e  E - 1  i t  i s  obv ious  t h a t  t h i s  i n c r e a s e s  t h e  fo rward  b i a s  
o f ~ l  and B l  d r i v i n g  them f a r t h e r  i n t o  s a t u r a t i o n  which a g a i n  
r e d u c e s  t h e  b i a s  a p p l i e d  t o  t h e  b a s e - e m i t t e r  j u n c t i o n s  o f  A 
and B. 

Refer- 

C l e a r l y ,  t h i s  p r o c e s s  is s e l f - s u p  o r t i n g  and it w i l l  
c o n t i n u e  u n t i l  t h e  d r o p s  a c r o s s  A 1  and BY becomes less t h a n  t h e  
v o l t a g e  on t h e  c a p a c i t o r  i n  t h e  base  c i r c u i t s  of A and B re -  
s p e c t i v e l y .  A t  t h i s  p o i n t ,  A and B are  c u t  o f f ,  a p p l  i n g  f u l l  
f o r w a r d  b i a s  t o  t h e  b a s e - e m i t t e r  j u n c t i o n  of  A 1  and BT r e -  
s p e c t i v e l y .  
s t a t e  and t h e  v o l t a g e  a c r o s s  and t h e  c u r r e n t  t h r o u g h  t h e  load  
have r e v e r s e d  i n  d i r e c t i o n .  

The c i r c u i t  h a s  now s w i t c h e d  t o  t h e  A l B l  c o n d u c t i n g  

S i n c e  t h e  c i r c u i t  shown i n  F i g .  E - 1  i s  symmetr ic  t h e  
maximum b a s e  c u r r e n t s  i n  A1  and B l  r e s p e c t i v e l y  a r e  g i v e n  by: 

(E-3) 

(E-4) 

AS i n  t h e  A B c o n d u c t i o n  s t a t e ,  t h e s e  c u r r e n t s  w i l l  
d e c a y  e x  o n e n t i a l l y  as t h e  c a p a c i t o r s  i n  t h e  b a s e  c i r c u i t s  o f  

emitter r e s i s t a n c e s .  A s  b e f o r e ,  t h e  b a s e  c u r r e n t s  i n  A I  and B l  
will d e c a y  t o  t h e  v a l u e  I b 3  shown i n  F ig .  E - 2  and b e g i n  t o  move 
t h e  t r a n s i s t o r s  A 1  and B l  o u t  of t h e i r  s a t u r a t e d  s t a t e s .  Con- 
c u r r e n t l y ,  t h e  v o l t a g e  t h a t  h a s  been p l a c e d  on t h e  c a p a c i t o r s ,  C 1 ,  

A 1  and B P b e g i n  t o  c h a r g e  th rough  t h e i r  r e s p e c t i v e  b a s e -  

, 
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i n  t h e  base  c i r c u i t s  o f  A and B d u r i n g  t h e  A R c o n d u c t i o n  
s t a t e  w i l l  be  d i s c h a r g e d  by t h e  r e s i s t o r s  R1, r e d u c i n g  t h e  
t h e  r e v e r s e  b i a s  a p p l i e d  t o  t h e  b a s e - e m i t t e r  j u n c t i o n s  of  A 
and R. The d e c r e a s i n g  b a s e  d r i v e s  i n  A 1  and B l  w i l l  move 
them from t h e  s a t u r a t e d  s t a t e  towards  t h e  "o f f "  s t a t e  and be-  
g i n  t o  app ly  a fo rward  b i a s i n g  p o t e n t i a l  t o  t h e  b a s e - e m i t t e r  
j u n c t i o n s  of  A and B r e s p e c t i v e l y .  When t h i s  a p p l i e d  f o r w a r d  
b i a s  exceeds  t h e  v a l u e  of t h e  d e c a y i n g  c a p a c i t o r  v o l t a g e s  i n  
t h e  base  c i r c u i t s  of A and B ,  t h e y  w i l l  be  moved toward t h e i r  
s a t u r a t e d  r e g i o n s ,  r e d u c i n g  t h e  d r o p  a c r o s s  them and hence  
r e d u c i n g  t h e  forward  b i a s  on t h e  A 1  and B l  e m i t t e r - b a s e  
j u n c t i o n s ,  f u r t h e r  reducine;  t h e  b a s e  d r i v e  i n  t h e s e  t r a n s -  
i s t o r s  and moving them f a r t h e r  i n t o  t h e i r  o f f  c o n d i t i o n .  Again 
t h i s  p r o c e s s  i s  c l e a r l y  s e l f - s u p p o r t i n g  and i t  f o l l o w s  t h a t  
A 1  and B1 w i l l  b e  c u t  o f f  and t h e  c i r c u i t  r e t u r n s  t o  t h e  A B 
conduc t ion  s t a t e  from w h i c h  the e n t i r e  c y c l e  i s  r e p e a t e d .  

No t i ce  t h a t  a load  ( c o l l e c t o r )  c u r r e n t  was chosen  and 
h e l d  f i x e d  f o r  t h e  above d i s c u s s i o n .  
E - 3 ,  we may now d e t e r m i n e  t h e  e f f e c t  o f  a change i n  l o a d  cur -  
r e n t  on t h e  o s c i l l a t o r y  b e h a v i o r  o f  t h e  c i r c u i t .  Assume t h e  
l o a d  c u r r e n t  i s  i n c r e a s e d  by h o l d i n g  Vin c o n s t a n t  and d e c r e a s i n g  
R L  t o  g ive  t h e  v a l u e  I2 shown i n  F i g u r e  E - 2 .  Then o b s e r v e  t h a t  
an i n c r e a s e  i n  b a s e  c u r r e n t  t o  a v a l u e  o f  Ib5 i s  n e c e s s a r y  t o  
s u s t a i n  t h e  t r a n s i s t o r s  i n  t h e i r  s a t u r a t e d  s t a t e .  S i n c e  t h e  
maximum b a s e  c u r r e n t  i s  dependen t  p r i m a r i l y  on t h e  i n p u t  v o l t -  
age and t h e  r e s p e c t i v e  b a s e - e m i t t e r  r e s i s t a n c e s ,  i t s  magni tude  
will n o t  b e  changed a p p r e c i a b l y  by t h e  chanqe i n  R L .  T h e r e f o r e ,  
i t  w i l l  be t h e  same a s  shown i n  F i g u r e  E - 3 .  From F i g u r e  E - 3 ,  
we see t h a t  t h e  decay ing  b a s e  d r i v e  i n  t h e  t r a n s i s t o r s  w i l l  r e a c h  
t h e  v a l u e  Ib5 a t  which s w i t c h i n g  w i l l  o c c u r  a t  a time t i  t h a t  
w i l l  be  less  t h a n  to,  t h e  time t o  r e a c h  I h 4 .  I t  i s  c l ea r  t h e n ,  
t h a t  an  i n c r e a s e  i n  l o a d  c u r r e n t  h a s  caused  a n  i n c r e a s e  i n  t h e  
f r equency  of t h e  c i r c u i t  o s c i l l a t i o n .  

In  a s i m i l a r  f a s h i o n ,  an i n c r e a s e  i n  t h e  load  r e s i s t a n c e  
caus in \g  a d e c r e a s e  i n  l o a d  c u r r e n t  t o  a v a l u e ,  13, W i l l  demand 
a lower  b a s e  d r i v e  Ib2  t o  m a i n t a i n  a s a t u r a t e d  c o n d i t i o n .  The 
decay ing  b a s e  d r i v e  w i l l  r e a c h  t h e  v a l u e  Tb2at some time t z t h a t  
i s  g r e a t e r  t h a n  to, a t  which p o i n t  s w i t c h i n g  w i l l  o ccu r .  I t  i s  
c lear  t h a t  t h e  time between s w i t c h i n g  h a s  been  i n c r e a s e d  and 
hence  the f r e q u e n c y  of o s c i l l a t i o n  h a s  been d e c r e a s e d .  

t i o n  i s  dependen t  upon t h e  v a l u e  of b a s e  c u r r e n t  t h a t  i s  n e c e s s a r y  
t o  s u s t a i n  each of t h e  t r a n s i s t o r s  i n  i t s  c o n d u c t i n g  s t a t e .  The 
f u n c t i o n a l  form of t h i s  dependence i s  g i v e n  by: 

From F i g u r e s  E - 2 ,  and 

We conc lude  t h a t  t h e  f r e q u e n c y  o f  t h e  c i r c u i t  O s C i l l z i -  
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where I b i  and Rbe are g e n e r a l  r e p r e s e n t a t i o n s  of t h e  q u a n t i -  
t i es  d e f i n e d  p r e v i o u s l y ,  and I b o  is t h e  v a l u e  of b a s e  c u r r e n t  
below which t h e  t r a n s i s t o r  s w i t c h e s  from t h e  c o n d u c t i n g  s t a t e  
t o  t h e  non-conduc t ing  s t a t e .  

From F i g u r e  E - 2 , w e  see t h a t  t h e  v a l u e  of Ibo  i s  a 
f u n c t i o n  of  t h e  c o l l e c t o r  c u r r e n t  of  t h e  t r a n s i s t o r .  I n  
g e n e r a l ,  t h i s  r e l a t i o n  must be o b t a i n e d  from g r a p h s  of t h e  
t r a n s i s t o r  c h a r a c t e r i s t i c s .  

The c h o i c e  o f  t r a n s i s t o r s  is t h e  most i m p o r t a n t  d e s i g n  
c o n s i d e r a t i o n ,  To a c h i e v e  a smooth,  b a l a n c e d  o p e r a t i o n ,  a 
matched se t  of PNP's , should  b e  used  f o r  t r a n s i s t o r s  A and A1 
and a matched se t  of  NPN's f o r  t r a n s i s t o r s  B and Bl. I n  
a d d i t i o n ,  t h e s e  sets s h o u l d  b e  complementary.  The f r e q u e n c y  
r e l a t i o n  g i v e n  above assumes t h i s  symmetry. 

Conc lus  i on s : 

T h i s  c i r c u i t  p r e s e n t s  s e v e r a l  a d v a n t a g e s  ove r  o t h e r  
a v a i l a b l e  o s c i l l a t o r  d e s i g n s ;  it e x h i b i t s  h i g h  e f f i c i e n c y  a t  
r e l a t i v e l y  h i g h  power l e v e l s ,  and it i s  s i m p l e  and compact.  
I n  a d d i t i o n ,  t h e  c i r c u i t ' s  r e l i a b i l i t y  s h o u l d  be h i g h  s i n c e  
it c o n t a i n s  o n l y  s imple  r e s i s t o r - c a p a c i t o r  combina t ions  and 
s o l i d  s t a t e  d e v i c e s .  

The f o l l o w i n g  t a b l e  l ists  a t y p i c a l  o s c i l l a t o r  d e s i g n :  

T r a n s i s t o r s  : 

PNP 
NPN 

2N-1042 
2N-1702 
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'in 
R 1  
Power o u t  
Max. Eff. 
Frequency Range 

R 1  

2ov 
11.5 to 25 ohms. 
30 w a t t s  

7.0 - 30.0 kilocycles 
1000 ohms 
0.01 m i c r o - f a r a d s  

80% + - 3% 
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Appendix F 

PHYSICAL DESCRIPTION OF TEST TRANSFORMERS 

Two a i r - c o r e  t r a n s f o r m e r s  ( h e r e i n a f t e r  r e f e r r e d  t o  as 
T 1  and T2) were d e s i g n e d ,  b u i l t ,  and t e s t e d .  The d e s i g n s  
p o s s e s s e d  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s .  

T1:  T o r o i d a l  r a d i u s  = R = 1.25 i n c h e s  
Cross  s e c t i o n a l  r a d i u s  = a = 0.25 i n c h e s .  
Number of  l a y e r s  of Pr imary  t u r n s  = 2 

(1) t u r n s  l a y e r  1 = 537 
( 2 )  t u r n s  l a y e r  2 = 507 

Number of l a y e r s  of Secondary t u r n s  = 2 

( 1 )  t u r n s  l a y e r  1 = 700 
( 2 )  t u r n s  l a y e r  2 = 690 

Wire s i z e  of Pr imary  = #28 Awg, w i t h  1 m i l  t h i c k  
i n s u l a t i o n  . 
Wire s ize  s e c o n d a r y  = 130 Awg. w i t h  1 m i l  t h i c k  
i n s u l  a t  i on . 
I n t e r - l a y e r  i n s u l a t i o n  t h i c k n e s s  = 3.5 m i l s .  

P e r m i t t i v i t y  o f  a l l  i n s u l a t i o n  = 2 f 0  

Load R e s i s t a n c e  = 1.0 K and 30.4 K. 

T2: T o r o i d a l  r a d i u s  = 1.25 i n c h e s  
C r o s s  s e c t i o n a l  r a d i u s  = a = 0.25 i n c h e s  
Number o f  l a y e r s  of p r i m a r y  t u r n s  = 2 

(1) t u r n s  of l a y e r  1 = 440 

( 2 )  t u r n s  of l a y e r  2 = 431 

Wire s ize  f o r  b o t h  p r i m a r y  and s e c o n d a r y  i s  #28 awg, 
magnet wire w i t h  1 m i l  i n s u l a t i o n  t h i c k n e s s  

I n t e r l a y e r  i n s u l a t i o n  t h i c k n e s s  = 3.5 m i l s .  



P e r m i t t i v i t y  of a l l  i n s u l a t i o n  = 2 f o .  

Load R e s i s t a n c e :  (a).L.Ok ohms and (b )  3 0 . 4  k ohms. 

Number of  l a y e r s  o f  s econdary  wind ings  = 8 

t u r n s  
t u r n s  
t u r n s  
t u r n s  
t u r n s  
t u r n s  
t u r n s  
t u r n s  

of l a y e r  
of  l a y e r  
of l a y e r  
of l a y e r  
of l a y e r  
of l a y e r  
of l a y e r  
of l a y e r  

1 = 4 2 3  
2 = 415 
3 = 406 
4 = 398 
5 = 389 
6 = 381 
7 = 372 
8 = 364 

a n a l y s i s  of t h e s e  models  was b a s e d  on t h e  assumpt ion  
t h a t  t h e  i n d i v i d u a l  t u r n s  i n  a g i v e n  l a y e r  of t h e  winding  are 
i n  c o n t a c t  a long  t h e  i n n e r  c i r c u m f e r e n c e  of  t h e  t o r o i d  and 
d i v e r g e  toward t h e  o u t e r  c i r c u m f e r e n c e  i n  a un i form manner. 
The f a b r i c a t i o n  of  t h e  t r a n s f o r m e r s  adhe red  t o  t h i s  p r i n c i p l e  
w i t h i n  t o l e r a n c e  l i m i t s  imposed by p r e c i s i o n  of  t h e  winding 
p rocedure  . 
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